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t>^^3  PREFACE 

cet  ouvrage  contient  .es  —  ^l^-Ti^.e'p^^r^^^^ 
Ïp 'eTriaTE^'^^^r;  urc^nc^rï!^^^^^^         sa  Jantes,  du  Minist.re^des  Universités,  de  .a  DGRST.  de  .a  DRET.  du 
CNRS,  du  CEA  et  de  l'EDF  en  ce  qui  concerne  nos  Grands  Organismes  Nationaux. 

r.««t  «u  Professeur  A  Von  ENGEL  que  revient  le  mérite  d'avoir  perçu  la  nécessité  d'établir,  entre  les  Scientifiques 
C'est  au  HroTesseur  M.  vun  '^'^^^  w^^Korr.»  «ii^ntrinup  dans  les  aaz  et  de  la  phys  que  du  plasma,  des  contacts 
travaillant  dans  tous  les  domaines  déc^^^^^^^^  ,3  discipline.  C'est  à  ses  efforts  que  nous 

...  ,    r-  .,r,o.,f.s     iontifiniip  Internationale  à  Grenoble  a  certes  demandé  à  notre 

Le  redoutable  donneur  d'.nv.ter  la  Communauté  Sc^^^^  ^^^^  ^.^.^^  ^^^.^^ 

Comité  d'Organisation  un  «^f"-"  ^ '^«^  '"^Toemèn^^^^^  forment  notre  Comité  de  Patronage,  sans  le 

Scientifique  International,  sans  les  ^"^o^^^^e^^^^^^^^  des  communications,  cet  effort  n'aurait  pas  pu 

travail  des  scientifiques  qu^  ^3^^.,  d    c-seil  General  de 

porter  ses  fruits.  Sans  1  ^r.p-r       la  DGRST  et  de  l'lUPAP,  le  budget  de  cette  manifestation  n'aurait  pas 

l'Isère  du  CNRS  du  ^EA.       'EDF  de  la  DR^^^^  et  de  1 1         .^^^^.^^9  ^^^^       ^^.^  ^^^^^  ^^^.^^ 

L^itn7ettr;.ti'dr:i!lieTle^  par  Grenoble  Accueil  et  par  l'Université  Scientifique  et  Médicale  de 

Grenoble,  rien  n'aurait  été  possible. 

■  ■  r    »         „„otfrp  PrfuiHpnrp  •  une  réunion  ne  vaut  que  ce  que  valent  ses  Conférences  et  ses 
Pour  terminer,  il  ^ r^^^°""f       ' '/^^^^^^^^^^^   incités  etTs  auteurs  des  Communications  pour  avoir  distillé  pour 
Communications.  Remercions  donc  '««^^^""^  .^^^"'^  f;/^;i7';f3    '  ucipants.  avec  le  charme  de  la  région  grenobloise  et 
=pi\\mé"drslTh\"bitrs;ia;^:tm^^^^^^^^^  de  .effort  de  chacun. 


F  OREWORD 


This  volume  contains  the  ^omm^ca^^  sponsorship  of  URSI.  lUPAP,  EPS.  SFP  and 

Gases.  held  in  Grenoble  (France)  from  9th  to  the  13th  oî  J^lV  i^/^,  u  h 
SEE,  ànd  the  patronage  of  the  Ministry  of  the  Univers.ties,  of  DGRST,  DRET.  CNKb,  UbA 

^  .  A  unr,  PNCFl  had  the  foresiqht  to  understand  the  necessity  of  establishing  periodic  contacts  between 
Professer  A.  Von  ENGEL  haa  tne  loresignu  lu  u  nla-îma  ohvsics.  in  order  to  give  a  gênerai  view  of  the 

the  scientists  working  on  ail  aspects  of  gaseous  Electronics  and  p  asma  phys.^^^  9         9^^  ^^^^  ^.^  ^^^^^^^ 

whole  discipline.  It  is  thanks  to  h.s  f'^'^l'lli;^^^^  Scientific  Committee.  They 

;e'j:ntt;d  r  "^.lerLcepted  by  an  so  as  to  spread  in  an  équitable  way  the 

weight  of  the  responsibilities. 

The  honor  of  inviting  the  -ernationa^  Scientific  Commu^ 
long  and  strenuous  effort.  But  we  ^^'\ZZn^r  pltvLZeS^^        w  thout  the  work  of  the  scientists  who  have  agreed 
the  encouragement  of  the  people  '^J'^^^^^Z^^  have  succeeded.  The  budget  of  this  conférence 

to  give  their  aid  in  ««'f  ^'^g.^^^^.^^'TTr't^^^^^^^^^  o   the  Stry  of  Universities,  of  the  Grenoble  City  Hall,  of  the 

could  not  have  been  balanced  w.thout  ^he  ^mancial  a.d  oî^  the  y         ^^^^^^       ^^^^^.^^  ^.^  ^.^^^  Grenoble 

?creU  în7by^h;?ci:nt^;^"a;fMel°?u"nW^^^^  and  wlthout  the  guaranty  of  the  CNFRS  to  our  Local 

Committee,  nothing  would  have  been  possible. 

.  ,  ^-.^ryUfir.  mpptinn  is  w/orth  no  more  than  the  value  of  its  conférences  and 

Finally,  we  must  look  at  the  fv  d  f     ^rSs  and  the  authors  of  the  Communications  for  having 


;  therefore  thank'  the  Invited  Speakers  and  the  authors  of  the 

I    Cl  iti  1- 1  j:_..:il_t:„„  ,.,ill   romain  m  thi 

tifi 
Gre 

efforts  of  each  one  of  us. 


its  Communications.  Let  us  Itierefore  .f;»*  îï"  Hi;,,|Tsiio„  „ill  remoin  in  the  memory  of  the  psrticipants 

r^'t^it^th^oî^tm 'oTîi:L™'hïrd°.L"hi?iXon^^^^        1-'"""-  -  — °' 
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1  .  Introduction. 

In  the  afterglow  of  rare  gases,  the  inten- 
sity  of  the  résonance  radiation  decays  ex- 
ponentially  with   time   constant  B 

I   -   I^e-^^  (!)■ 
This  has  been  verif ied  by  direct  observation 
of   the   'Pj-'S     radiation   in  Kr    [1]   and  Xe 
[2]    in   the  pressure   range  0,1-20  Torr,  and 
by  absorption  experiments   of   the  population 
of   the   'Pj    level   in  Ne,    [3]   and  Ar    [4].  The 
decay   frequency   g   is   given  with  good  accu- 
recy  by   the  Holstein   imp r i s onmen t  theory, 
and   in   cylindrical   geometry  we   f ind 


1 


(t) 


1/2 


(2) 


P  ^s       0,205  'X' 

Here  R  is   the   cylinder  radius,    X   the  wave- 
length  of   the  résonance  line  and         the  na- 
tural   lifetime   of   an  atom  in   the  résonance 
State.   In  this  paper  we  présent  an  absorp- 
tion measurement  on   the   'Pj    level   and  émis- 
sion measurements  of   the   ^Pj-^S^  and  Pj- 
résonance  radiation  in  Xe .    It  will  be 
shown  that   at  higher  pressures  collisional 
destruction  processes  become  important. 
2.  Method. 

The   expérimental   set-up   for   the  absorption 
experiment  is  similar  to   the  one  used  intS] 
except   for   the  détection  System  which  con- 
sist   of  a   1P21   photomultiplier   followed  by 
a  PAR  TDH-9  Waveform  Eductor  which  allows 
the   afterglow   to  be   recorded   in   100  chan- 
nels.   For   the  direct  measurement  of   the  ré- 
sonance radiation  the   discharge   tube  was 
provided  with  a  LiF  window.   The  wavelength 
was   selected  with  a  McPherson  218  VUV  mono- 
chromator  with  a  2A00   1/mm  grating  blazed 
at    150  nm.   Depending  upon  intensity,    a  re- 
solution of  0,05  up   to  0,5  nm  was  used. 
This  was   sufficient   to  discriminate  against 
the  well-known  VUV  continuum  radiation  of 
the  rare  gases. 


The   detector   is   a  EMI-GENCOM  G-26E315.  The 
PM  signal    is    analysed  with   a  DATALAB  DL  920 
transient   recorder  with   a   time  resolution 
of   50  ns. 
3.  Results. 
a)  Absorption 

For  the  absorption  measurement  the  wave- 
lengths  492,3  nm  and  491,7  nm  corresponding 
to  the  transitions  6s^-7p,  and  6s^-6p^  were 
chosen,  thèse  being  the  most  intense  in  the 
visible  région.  Assuming  an  exponential  de- 
cay, the  lifetime  of  the  imprisonned  ré- 
sonance State  is  given  by  In  In  I^/I=-t/T^+ 
constant  where  I^  represents  the  incensity 
before  and  I  the  intensity  after  absorption. 
In   the   case   of  weak   absorption  (I^-I<<I^) 

—  +   cons  tant . 
The   results   are   given  in  Fig.l. 
The   decay  constant  5   is   seen  to  be  reasona- 
bly  constant   in   the  pressure   range  0,01-10 
Torr.   At  higher  pressures  some  pressure  de- 
pendence   is   observed,   but   thèse  points  are 
not   taken  into  account   for   the  analysis. 
This  pressure   dependence   is   discussed  in 
the  next  paragraph.   The   imprisonment  time 
is   found  to  be    :   Tg   =  7,6±0,8  ys,    and,  with 
(2)    this   leads   to  a  natural  lifetime 
T     =  4,3  ±   0,5  ns 


(3) 


we   find  an  oscillator  strength   for  the 
3p^-iS^  transition  : 

f  =  0,226  ±  0,025 
Thèse  values   are   in  good  agreement  with  li- 
terature   [2].   The   lifetime   of   the   ^Pj  ré- 
sonance State    could  not  be  measured   in  ab- 
sorption due   to   the   low  concentration  of 
'P,  atoms. 
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b)  Emission 

147   nm  émission,    or    'Pj-'s^  transition. 
The   decay   consista  of    two   components   and  is 
fitted  with   a   computer    to   a   curve  • 

I  =  A  e-^f'  .  B  e-^-'  (,) 
Here  d^  représenta  the  time  constant  of  a 
few  us,  while  d^  is  a  much  slower  decay,  at 
least  for  pressures  up  to  about  20  Torr.  It 
can  easily  be  demonstrated  (see  also  ref[6]) 
that  in  Xe  for  pressures  lower  than  60  Torr 
we  have  within  a  5   %  accuracy  : 


°f 


"RM 


"rs 


°'rm  'représenta    the   reaction  rate  constant 
due   to   collision-induced   tranaitiona  from 
the   résonance   level  R('Pj)    to   the  nearby 
metaatable   level  M(^P,),   while  a^^  indica- 
tes    the   formation  of  excimer  states  S 
through  collisions   of  résonance   states  R 
with  ground  state  atoma. 

The   measured   fast   decay  d^   is   given   in  Fig.2 
for  pressures   between  0,02    and   70  Torr.  The 
pointa   are    leaat-aquare   fitted   to   give  a 
curve    :      d^   =    1  , 28  .  1  0 5  +  3330p   +  27p^ 
6   =   1,28.10    ^   corresponds   to  t     =   7,8  Us , 
in  agreement  with    the   abaorption  experiment. 
3800  p   représenta   collisonal  desexcitation 
of   ^Pj    atoms    to   the    ^P^   metastable  level. 
From  detailed  balancing   considérations  we 
find   the   collisional  excitation  of  XeC^P^) 
to  Xe(^Pj)    to  be    18  p.    The    collisional  de- 
cay of    ^P^   atoma  was   found   to  be  113p+87p^ 
[5].    It   follows    that   the   collision  induced 
émission  of  XeC^P^)   proceeds  with  a  rate 
95   p.   The   term  27         represents  excimer 
formation   in   three-body   colliaiona.   The  re- 
aulting  excimer  can  be   either   the  0*,  or 
the    '-^Zg  statea.   Two-body  and  three-body 
rate   constants   are   summarized  in  Table  I 
and  compared  with  literature. 

-    129,6  nm  emi s  s i on , ' P j - ' tranaition. 
This    line  haa   very   low  intenaity  and  is 
fitted   like    (4).   The   alow  component  has  not 
been  identified.    The   fast   component   can  be 
fitted   to   a  curve    :   V^=    1 , 2 9 1 0 '+ 1 , 9 4 1 0  '  p 
At  pressures   above  0,8  Torr.    this   decay  is 
too   dépendent   on  discharge  puise   current  to 
be   taken  into  account.  (Fig.3). 
With  6   =    1,29    10^  we   find   for   'Pj  : 

Tfj  =  4,I±0,6  ns      ;      f  =  0,I81±0,036 
The   collisional   desexcitation  proceeds  to 
either   the   lower   levels,    or   the  nearby  's 


Reaction                          Rate  c 
Thia  work 

ons  tant 
Li  terature 

^Pj+      is^^   'Pz+'So  3330 

'S^-*2'So  +  hv  95 
^P,+   2'S^-Xe2+'S  27 
'P,+      'S^^'Sj+'s^  19.10^ 

9100  [7] 
49  [7] 
71  [7] 
(46  [7] 
199  [8^ 
2  1.105  [9] 
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I  -  INTRODUCTION 

Excitation  transfers  between  excited  atomic 
States  play  an  important  part  in  the  formation  of 
quasi-stationary  atomic  excited  state  populations 
in  non-L.T.E.  plasmas  such  as  low  pressure  and  low 
current  glow  discharges.  Excitation  transfers  by 
inelastic  atomic  or  molecular  collisions  are  respon- 
sible  for  lasing  action  in  a  great  number  of  gas 
lasers,  or  on  the  contrary  are  limiting  factors  to 
the  population  inversion  process  as  for  the  3  P-3  D 
(95.8  V)  transition  observed  in  a  hélium  gow  dis- 
charge il). 

m  this  paper  we  report  a  study  of  the  quenching 
and  excitation  transfer  mechanisms  for  the  n  =  3 
hélium  sublevels  in  the  positive  column  of  a  low- 
pressure  glow  discharge.  The  expérimental  method  is 
based  on  a  time  resolved  spectroscopic  analysis  of 
the  population  relaxations  foUowing  a  short  réso- 
nant laser  puise  pumping. 


^ux  Ionisés  Université  d'Orléans, 

After  spatial  filtering,  the  pump  laser  beam 
traverses  the  discharge  tube.  The  fluorescence  light 
emitted  by  a  cross-section  of  the  positive  column  is 
observed  in  a  perpendicular  direction  and  is  imaged 
onto  the  slits  of  a  spectrometer  (resolving  power 
;^  50000)  and  then  onto  a  photomultiplier  tube.  Time 
dependence  of  the  output  signal  is  analyzed  by  a 
Boxcar  averager  synchronized  with  the  pulsed  laser 
giving  on  both  channels  A  and  B  a  time  resolution 
of  5  ns.  The  fluorescence  signal  (channel  A)  is  nor- 
malized  to  the  pump  laser  intensity  peak  (channel  B) 
Each  fluorescence  relaxation  curve  corresponds  to 
1.5  x  10^  laser  shoots  average . 

III  -  MEASUREMENTS 

A  diagram  of  the  n  =  3,  2  hélium  energy  states 
is  shown  on  Fig.   1.  The  population  variations  AN.(t) 


II  -  EXPERIh€NT 


(2),   (2),  (4) 


A  tunable  dye  laser  excited  by  a  pulsed  nitro- 
gen  laser  (puise  width  4  ns.  spectral  width  0.2  A, 
energy/pulse  ^  10  yJ,  répétition  rate  15  Ez)  is 
used  to  induce  a  sélective  and  short  perturbation 
on  the  population  of  an  hélium  excited  state  by 
résonant  optical  pumping. 

The  n  =  3  states  are  populated  in  a  capiUary 
glow  discharge  (inner  diameter  A  mm.  length  60  mm) . 
This  discharge  is  created  under  continuous  electri- 
cal  power  supply  with  a  constant  flow  of  hélium  gas 
(flow  rate  <  1   1/h).  Pressure  P  can  be  adjusted 
from  0.2  to  7  Torr  and  current  intensity  i  from  10 
to  40  mA.  For  each  expérimental  situation  (P.  i) , 
corresponding  value  of  the  electronic  density  n^  is 
measured  by  a  high-f requency  cavity  perturbation 
method  (5.10^  <  n^  <  5.1o"  cm~^)  and  value  of  the 
mean  electronic  kinetic  energy  E^  is  only  estimated 
in  the  frame  of  glow  discharge  theory 
(3  <  E    <  15  eV) .  Gas  temperatute  is  measured  by 
means  of  a  thermocouple  in  contact  with  the  dis- 
charge tube  (T        325  ±  5  K)  . 


of  the   li>  =  3'^L  (S  =  1,  3  ;  L  =  S,  P,  D)  states 
induced  by  laser  optical  pumping  of  the  transitions- 
drawn  on  fig.   1  have  been  studied  for  various  dis- 
charge conditions  (P.  i) .  For  each  pumped  transition 
AN.(t)  are  deduced  from  measurements  of  the  time 
variations  of  the  spectrally  integrated  résonance 
and  sensitized  fluorescence  light  intensities.  After 
the  laser  puise  has  ceased.  the  perturbated  popula- 
tions go  back  to  their  stationary  values.  In  this 
laser-free  relaxation  mode,  AN^(t)  are  solutions  of 
the  population  rate  équations  : 
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AN. (t) 


ANj(t) 


1  example  of  the  identif icatic 


(1) 


AN^(to)  =  AN.  °  i  =  1  ^    .  .  .  ^ 

n  is  the  number  of  sublevels  coupled  by  collisional 
or  radiative  excitation  transfers.  a.,  is  the  quen- 
ching  coefficient  of  the   |i^  level  (depopulating 
coefficient)  whereas  a.,  is  the  excitation  transfer 
coefficient  from  level   |j>  to  level   |i.  (populating 
coefficient).  Generally,  a.,  writes  :  a..  =  a..  + 
^ij""  "He  *  6.  /  n^  (2)  ^herl  g..^  (resp'% .  .       i  s 
the  rate  of  the  excitation  transfer  reaction  from 
level    |j>  to  level   \i>  by  collisions  with  ground 
State  atoms  (resp.  électrons),  and  a.,  is  the  spon- 
taneous  radiative  coefficient,  a.,   is^a  négative 
term  and  satisfies  the  relation  a .  .  =  -  r  o  /o'» 
where  a^.   is  a  coefficient  taking  into  account 
transfer  of  population  of  the   \i>  level  outside  the 
n  sublevels  involved  in  eq.  (1). 

For  the  six  différent  pumping  experiments,  and 
in  the  pressure  range  investigated ,  we  observed  the 
following  transfers  : 

2's-3'p  pumped  :  3'p  t  3*0  excitation  transfer 
2'p-3'd  pumped  :  3'p  ?  s'd  excitation  transfer 
2  P-3  S  pumped  :  no  transfer 
2^S-3-^P  pumped  :  no  transfer 

2^P-3^D  pumped  :  3^D  t  3^  excitation  transfer 
2^P-3^S  pumped  :  no  transfer 

Then  the  problem  arises  how  to  détermine  the 
quenching  and  excitation  transfer  coefficients  a. . 
intervening  in  eq.   (1)  from  the  expérimental  rela- 


'es  AN 


exp 


'(t). 


IV  ■ 


DATA  ANALYSIS  AND  RESULTS  (^) 


The  relaxation  matrix  A  =  {a. ^  }  was  determined 
from  AN.^'^PCt)  so  as  to  minimize  the  différence  bet- 
ween  the  expérimental  values  and  those  calculated 
from  the  model.  This  method  recently  developped  in 
numerical  analysis  and  named  "identification  pro- 
blem" (6)  is  équivalent  to  that  of  finding  the  mini- 
mum :   inf  J(A)   =  inf  Z     Z*"  '  |  ^N.  (  t  ,A) -AN.  ^""P  (  t)  |  t 
where  AN.(t,A)  is  the~value  corresponding  to 
AN^^^P(t)  calculated  from  équation  (1)  with  the 
matrix  A. 

This  problem  can  be  solved  by  an  itérative  algo- 
rithm  (gradient  method)   :  a^P^  =  a^P~'-^-ir^P~' ^ 
.     .  _  ,  iJ  ij  3a.  . 

i«  J  -  '>  •••>  n.  where  p  is  the  itération  number^"" 
and  k  is  a  convergence  coefficient.  The  func- 

tional  derivative  is  obtained    from  solution  of  the 
differential  adjoint  problem. 


shown  on  fig.  2  for  the  3'p  t  s'd  excitai 


procédure  is 


ter  processes. 

For  the  3*5  or  3^s  stai 
transfer,  soli 


wing  no  excitation 
on  of  eq.(I)  is  gi^en  by 
AN  (unité  arbitraire) 


■  109  ns  ^1 

AN.(t)=AN.°e  lit  whose  comparison  with  AN.^^P(t) 
leads  to  the  quenching  coefficient.  Détermination 
of  the  a..',  for  différent  n^^  and  n^  values  allows 
us  to  obtain  the  a.,  and  B. .  coefficients  from  eq. 
(2)  and  (3)  by  least  square  linear  régression.  In 
fact  no  current  dependence  was  found  so  that  quen- 
ching and  excitation  transfer  can  be  attributed  to 
the  atomic  collisional  processes  :  He(3^L)+He  -> 
He(3  L').He.AE)   to  the  associative  ionization  mecha 
nism  :  He(3  L)+He  ^  He/.e^AE  and  to  spontaneous 
radiative  transition  :  He  (3^L)^e  (n^L±  1  )+hv. 
The  radiative  coefficients  as  well  as  the  thermally 
averaged  cross-sections  a.,  deduced  from  6..  are 
reported  below  : 


radiative  c 
(I08s-1) 


S^S  0.18 
3^?  0.13 
0.63 
3^3  0.279 
3  3p  o.098é 
3^D  0.656 


±  0.01 
±  0.01 
±  0.0i+ 
±  0.008 
±  0.003 
±  0.007 


excitation  transfer  ( 

'^Slp  ^  =  27  1  2 
^3lD  ^  3lp  =   10  î  2 

associative  ionizatic 

ion 


coll.  quenching  cross- 
section  (P) 


28  ±2 
25  ±2 
0.3  ±  0.3 

5.5  ±  0.3 

3.6  ±  0.3 
;ross-section  (a2) 

*'33d  t  335  ' 
'3^P  -  33d      "  ' 
->  3  3p 
n  cross-sect 


(a2) 


^3^D 


3.7 


15  ±  k 


'3'S 
ion 

^ion 
"3^0 


:  0.3 


2.k  ±  0.5 
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INVESTIGATION  Of  EXCITATION  MECHANISMS  IN  NEON  WITH  THE  AID 
OF  THE  RADIAL  DISTRIBUTION  OF  EXCITED  ATOMS 
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The  radial  distribution  o£ 
the  2p^3p  and  2p  3s  confi 
under  the  foUowing  exper 
pressure  0.  4  to  3 .  1  Ton 
tube  R=0.  5  cm.  discharg 
The  absolute  concentratii 


LCited  neon  atoms  in 
rations  are  investigated 
entai  conditions  :  gas 
-adius  of  the  discharge  , 
urrent  1  =  2  to  40  mA. 
of  excited  atoms  on 


the  axis  of  the  discharge  and  the  electrical  para- 
meters  are  also  determined.  AU  thèse  results  per- 
mit us  to  obtain  the  excitation  cross  sections  of  the 
2p^3p  levels  from  the  ground  state  and  from  the 
2p^3s  configuration.  In  the  latter  process  we  can, 
with  the  aid  of  radial  distributions,  differenciate 
the  rôles  played  by  metastable  and  résonant  states. 
Expérimental  methods.  The  electrical  parameters 
are  obtained  with  cylindrical  probes.  For  the  élec- 
tron energy  distribution  funcl  on  we  use  the  me- 
thod  of  probe  carrent  modulation.  We  deduce  the 
intensity  of  the  electric  field  from  the  différence 
between  the  floating  potentials  of  two  probes.  The 
electronic  mobility  is  calculated  from  the  measu- 
red  distribution  functions.  Thèse  results  allow  us 
to  détermine  the  electronic  density. 
The  investigation  of  the  spectral  Unes  intensities 
are  carried  out  across  the  axis  of  the  discharge 
tube.  The  radial  distribution  of  2p  3p  atoms  is  de- 
termined after  Abel  inversion  and  a  cw  tunabledye 
laser  is  used  to  find  the  radial  distribution  of  2p  3s 
atoms/l/.  Putting  a  mirror  behind  the  discharge 
tube  we  measure  the  autoabsorption  and  thus  the 
density  of  metastable  states.  With  the  help  of  aca- 
librated  lamp  we  obtain  the  absolute  intensity  of 
the  radiating  atoms. 

Results  and  discussion.  1  -  The  électron  energy 
distribution  functions  exhibit  a  Druyvesteyn  shape 
with  electronic  déficit  in  the  energy  région  above 
the  first  excitation  potential  (Fig.  I)  in  agreement 


with  other  expérimental  results  /z/. 

2-  The  variation  of  the  average  électron  energy 
with  pressure  is  plotted  in  Fig.  2.  Thèse  results 
correspond  satisfactorily  with  calculated  data  /3/. 

3-  The  electronic  density  on  the  axis  of  the  dis- 
charge is  well  represented  by  the  following  équa- 
tion n  =  (2.6  +  0.4)  10*^  I  P 

with    n    in  cm-^,  P  in  Torr  and   I    in  mA. 

4-  The  radial  distribution   N(r)  of  excited  atoms 
shows  the  same  behaviour  for  ail  the  2p^3p  states 
(Fig.  3).  In  contrast  the  radial  metastable  and  ré- 
sonant profiles  M(r)  are  différent  at  low  pressures 
and  become  similar  when  the  pressure  is  increa- 
sed  (Fig.  4). 

5-  The  total  density  of  ail  the  2p  3p(In.)  and  ail 
the  2p^3s  (I  m^)  states  on  the  axis  of  the  discharge 
tube  are  shown  in  Fig.  5  as  a  function  of  pressure 
at  différent  current  intensities. 

6-  At  steady  state  we  have  for  the  i  th  level  of  the 
2p^3p  configuration  : 

^^i  =  %("^Oi^^  S"^J^ 
where    n   is  the  ground  state  atomic  concentration, 

Y.  the  relaxation  frequency  and  Z^.,  Z^.  are  the 

direct  and  stepwise  excitation  coefficients.  Know- 

ing  the  électron  velocity  distribution  function  f(v) 

we  may  write  the  latter  as  '. 

^i  =  ^Oi/vi^^(^)^"      '  ^ji^QjiJv..^^^^)^" 

where  Q„   and  Q..  are  the  mean  cross  sections 
Oi  ji 

cor responding  to  the  two  excitation  processes. 
Calling  j  =  l  and  j  =  2  the  metastable  and  résonant 
states  and  assuming  a  zéro  order  Bessel  function 
Jp(r)  for  the  spatial  distribution  of  the  electronic 
density  we  obtain  the  following  expression  for  the 
radial  profile  of  the  i  th  level  : 
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N.(, 


with 


ji 


NAr)  =  - 


n.(r) 


The  cross  sections  Q^.,  Q^.,  Q^^  are  computed 
from  équations  (1)  and  (2)  and  expérimental  data. 
The  results  are  given  in  Table  1.  They  are  in  good 
agreement  with  those  found  in  /4/  (values  of  Q  . 
measured  by  the  électron  beam  method)  /s/  (theo- 
retical  values  of  Q..  calculated  with  the  Born  ap- 
P-oxinnation)  and  /6/  (expérimental  values  of  . 
found  by  optical  pumping).  ' 
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2p 

Qoi  ■ 

10-19cm^ 

Qli 

10-16  cm^ 

2 

10-16  cm^ 

1 

5 

70 

2 

2 

3 

6.5 

3 

0.95 

46 

4 

3.1 

7,7 

14 

5 

1.6 

6 

2.6 

18 

16 

7 

1.2 

4.4 

13 

8 

1 

13 

31 

9 

3.8 

36 

10 

1.3 

16 

30 

Table  1 
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LINE  RADIATION  OF  ARGON  PLASMA  IN  EARLY  AFTERGLOW 


J.M.  Labat,  J.  Vukitfevitf,  O.  Labat  and  S.  Djeniî^e. 

Depart^er^t  of  Physics  and  Meteorology  and  Institute  of  Physics,  Beoçvad. 


spectral  line  radiation  of  a  glow  large  number  of  spectral  lines  originating 

discharge  argon  plasma  submited  to  the  short  from  4p  levels,  it  was  found  that  instant 
electric  puise  perturbation  was  reported  by 


Labat  et  al^^^Set  of  spectral  lines  that 
predominantly  originate  from  4p  to  4s  le- 
vels transitions,  after  the  perturbation 
have  two  clearly  distinctive  maxima.  Ini- 
tial rapid  intensity  peak  during  the  per- 
turbation puise  is  caused  by  the  direct 
excitation  of  atomic  levels  by  électrons. 
Time  the  second  intensity  maximum  appeared 
dépends  inverse  proportional  on  the  initial 
gas  pressure  and  was  same  for  ail  the  li- 
nes observed.  Decay  of  the  second  peak  con- 
sists  of  three  phases:   initial  rapid  drop 
was  followed  by  two  exponential  decays  in 
succession,  with  time  constants  that  sug- 
gests  dissociative  recombination  being  res- 
ponsible  for  the  4p  levels  population. 

Experiment.  Expérimental  apparatus 
consists  of  U  shaped  discharge  tube  with 
water  cooled  électrodes.  Discharge  current 
.  was  mantained  constant  at  a  value  of  0.3  A 
for  the  whole  range  of  initial  gas  pressu- 
re  {2-15  Torr) .  Part  of  the  positive  co- 
lumn   (4.5  cm  length)  was  perturbed  by  a 
short   (3  ns)  high  voltage   (7  kV)   puise  sup- 
plied  by  a  Blumlein  line.  Radiation  was 
recorded  by  Zeiss  SPM-2  monochromator-EMI 
9569B  photomultiplier  -  Biomation  8100  wave- 
form  recorder  system. 

Results.  Spectral  lines  originating 
from  4p  to  4s  levels  transitions  in  a  per- 
turbed plasma  have  two  intensity  maxima. 
First  that  occured  right  after  application 
of  electric  puise,  originated  from  direct 
excitation  of  ground  level  atoms  by  electro- 
nic  collisions.  Time  to  reach  the  first  in- 
tensity maximiim  consists  of  time  for  ava- 
lanche to  develop  and  that  of  spontaneous 
deexcitation  of  higher  levels  to  levels 
4p^-'-^.  Decay  time  of  this  peak  was  found  to 
be  equal  to  the  life  time  of  the  particular 
level . 

Principal  objectives  of  this  report 
are  the  properties  of  second  intensity  maxi- 

T-oi-nr-^inn    nf    intpnsltv    CUrveS  fo: 


the  second  maximum  occured  does  not  de 
pend  on  the  particular  line.   It  was  always 


inversely  proportional  to  the  initial  argon 
pressure,  the  results  are  given  in  figure  1. 


1/P(mmHg) 


Figure  1. 

This  proportionality  suggested  that  the  se- 
cond maximum  is  created  by  the  process  of 
ionisation,  since  the  time  constant  for 

ionisation  i 

1/T.   =  n^^.S  .p 

is  inversely  proportional  to  pressure.  Va- 
lue n^^  is  the  neutral  atom  density  at  p=l 
Torr,         is  the  rate  coefficient  for  colli- 
sional  ionisation  and  p  is  the  gas  pressure 
in  Torr.  Taking  for  S^  values  for  collisio- 
nal  ionisation  from  ground  level  only,  one 
obtains  the  results  that  match  very  well 
with  the  experiment.  The  ionisation  process 
is  followed  by  the  process  of  molecular 
ions  formation,   in  this  case  it  is  only 
Hornbeck-Molnar  process  of  associative 
ionisation ,  the  ion  conversion  being 
negligible  under  conditions  of  the  expe- 
riment. It  was  suggested  by  Lorents  ^^^"J^^ 
indicated  by  the  expérimental  results 
that  the  argon  4p  levels  in  a  decaying 
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plasma  are  populated  by  the  dissociative 
recombination  of  électrons  and  molecular 
ions.   Further  it  was  suggested  that  the 
aecay  constant  of  noble  gases 
afterglow  is  proportional  to 
where  n^  and  n^  are  densities  of 'molecular 
ions  and  électrons  respectively .  Tyoical 
time  decay  of  the  second  intensity  maximum 
peak  is  shown  in  figure  2. 


the  later 
(5)  ,  (6) 


Figure  2. 

Records  for  ail  the  lines  studyed  were  prac- 
tically  egual  at  equal  pressures.  Loga- 
ritmic  plot  of  intensity  versus  time  have 
three  distinct  sections.  First,  that  lasted 
some  two  microseconds,  has  decay  constant 
of  about  4  us.   It  was  followed  by  the  se- 
cond section  that  lasted  for  next  10  ms 
with  time  constant  of  7-9  us.  After  about 
4  MS  plateau  follows  the  third  exponential 
decay  with  even  longer  time  constant  8  to 
11.5  us.  Values  of  three  time  constants 
versus  initial  pressure  are  given  in  figu- 
re 3  for  7514  8  line. 

Since  the  pressure  dependence  of  the 
time  constants  is  rather  weak,  the  decay 
is  obviously  caused  by  the  recombination 
processes  and  definitely  not  by  the  diffu- 
sion. 

While  the  first  intensity  drop  is  not 
easily  explicable,  the  other  two  are  clear- 
ly  exponential  and  suggest  that  the  decay 
process  is  governed  by  the  dissociative 
recombination.  Taking  the  value  of  disso- 
ciative recombination  coefficient  being 


10      12  U 

P(mmHg) 


-      =  9.1-10  ^300/T^)0-  em^/s^-'  one  can 
obtain  the  corresponding  values  of  électron 
concentration  for  the  pressure  range  2  to 
15  Torr  being  l.a-lol^         l.lol2  ^^-3 
T2  and  1.6.10^2         ^^^.^^11  ^^-3  ^  _ 

Slight  altération  of  électron  concentration 
during  the  plateau  of  decay  is  caused  possi- 
bly  by  some  dynamical  processes  in  the 
plasma. 
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INTRODUCTION 

Although  there  has  been  much  interest  in  the 
electrical  properties  of  SO^  there  has  been  very 
little  work  carried  out  on  the  électron  attaching 
properties  of  this  gas,  or  on  the  mobility  of  the 
négative  ion  species  produced  as  a  resuit  of 
attachment  processes. 

(1  ) 

Some  récent  studies  by  Dupuy         have  shown 
that  a  greatly  increased  négative  ion  concen- 
tration exists  in  the  atmosphère  when  SO^  poll- 
ution is  présent.    The  présent  investigation  has 
measured  the  attachment  coefficient  (a^^)  for 
1  <  E/p  <  80  V.cm"''  torr"\  and  has  found  évidence 
for  a  three  body  attachment  process  for  values  of 
E/p  <  10  and  for  a  dissociative  attachment  process 
for  values  of  E/p  >  10  V.cm"^  torr~\  Measurement 
of  the  mobility  of  the  négative  ions  formed  ind- 
icate  the  présence  of  at  least  three  ions  with 
reduced  mobility  values  of  0.69,  0.62  and  0-55  cm^ 

APPARATUS 

A  conventional  pulsed  photo  cathode  drift- 
tube  ^       was  used  to  carry  out  thèse  measurements. 

A  typical  current  waveform  after  signal 
averaging  is  shovm  in  Figure  1.    The  attachment 
coefficient  for  the  gae  in  the  drift  tube  can  be 
obtained  from  such  waveforms  by  estimating  the 
électron  and  ion  components,  Af  the  waveforms 
using  the  area  method  due  to  Pack  and  Phelps 
Also  from  data  such  as  that  shovm  in  Figure  2  it  is 
possible  to  estimate  the  ion  transit  time  and  thus 
obtain  ion  mobility  values.    Using  a  drift  tube 
ik) 

mass  spectrometer  eystem       the  ion  species 
présent  under  various  conditions  were  determined 
and  will  be  discussed  below. 


Pure  SO, 


t=0 


t/p  =  i»  V  cm''torr'^  p  =1.  0  torr 


Time  scole  20  /us  /  dot 
FIG.I. 

RESULTS  AND  CONCLUSIONS 

-1  -1 

For  values  of  E/p  > 10  V  cm      torr  the 
attachment  process  was  found  to  be  independent  of 
pressure  indicating  a  two  body  dissociative  process 


SO^ 


SO 


(2) 


The  values  of  a  /p  determined  for  this  process  rose 

^1-1  -1  -1 

from  about  0.01  cm      torr      at  10  V  cm      torr  a 

-1  -1 

peak  of  0.075  at  an  E/p  of     V  cm     torr  and 
gradually  fell  thereafter,  see  Figure  2.    For  values 
of  E/p  <  10  V  cm"''  torr"''  it  was  found  that  '^^/^^ 
I  'I        '     '  " 

SO,   p  =  3  torr 


01 


001 


FIG.  2. 
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was  pressure  independent  indicating  that  a  three 

body  attachment  process  is  occurring. 

The  only  other  récent  expérimental  attachment 

study  in  this  gas  has  been  carried  out  by 


Schlumbohm^^^  and  he  reports  attachment  coeffic- 
ients in  gênerai  agreement  with  the  values  reported 
hère.    A  pressure  squared  attachment  process  is 
also  reported  although  the  E/p  range  over  which  this 
observed  is  net  mentioned.    Earlier  work^^^  also  in- 
dicates  an  attachment  minimum  at  '^10  V  cm^"  torr"''. 

The  values  of  the  ion  mobility  obtained  in 
thèse  experiments  are  shown  in  Figure  3.    It  can  be 
seen  that  at  least  three  distinct  ion  species  are 
présent.    An  important  point  to  note  in  thèse 
results  is  that  there  is  no  distinct  change  in  ion 
mobility  as  attachment  changes  from  the  dissociative 
process  to  the  three  body  process.    It  would  thus 
appear  that  the  ions  présent  are  not  the  ions  prod- 
uced  by  the  attachment  process  but  rather  ions  that 
ar^clusters  of  SO^  and  the  original  ion.    In  order 


10  100 
t/p    V.  cm-' torr"' 
FIG.  3  . 

to  résolve  this  SO^  was  studied  on  the  mass  spec- 
trometer  drift  tube  system  used  by  Coxon  and 
Moruzzi        •    A  spectra  of  the  ions  obtained  at 
p  =  0.6  torr  and  an  E/p  =  8  V  cm"^  torr"^  is  shown 
in  Figure  4.    Under  ail  the  conditions  investigated 
the  ion  at  mass  Ihk  amu  tentatively  identified  as 
0  .(SO^)^,  was  dominant.    Other  ions  that  are 
readily  identified  are  O'.SO^CSO  amu),- or  0~. 
(SO^)^  (208  amu)  and  S0~.  (SO^)^  (176  amu). 
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Since  ail  three  major  ions  appeax  under  a  given 
condition  it  must  be  concluded  that  in  Figure  1 
several  ion  species  are  présent  even  though  the  ion 
current  fall-off  is  sharp.    Thus  the  mobility 
values  quoted  clearly  refer  to  a  family  of  ion 
species.    As  the  pressure  increases  it  is  expected 
that  even  larger  ion  clusters  will  be  formed. 
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Electron  energy  distribution  functions(edf )of  mo- 
lecular  oxygen  have  been  calculated  by  différent 
authorsfl]  by  solving  the  Boltzmann  équation  in- 
cluding  both  elastic  and  inelastic  processes  from 
the  ground  vibrational  level (thèse  calculations 
will  be  referred  hereafter  as  the  cold  gas  appro- 
ximation) .No  work  on  the  contrary  exists  on  the 
influence  of  superelastic  vibrational  collisions 
and  of  oxygen  atoms  on  edf  in  reacting  oxygen. 
In  this  note  we  report  the  temporal  évolution  of 
edf    during  the  dissociation  of  molecular  oxygen 
under  non-equil ibrium  conditions. 
According  to  the  joint  vibroelectronic  mechanism 
discussed  in  refs.  ^2,3] ,the  dissociation  rate  of 
O2  in  electrical  discharges  can  be  written  as 

Vd^  ^eW>^  -  ' 
where      is  the  number  density  of  the  vth  vibra^ 
tional  level  and  k^(v)  is  th.vrate  coefficient 
of  the  process 

e+  O^lv)--  e+  O2  —  e+  20  i 
To  calculate  the  dissociation  rate  one  must  know 
both  the  e-D  rates(i.e.  the  différent  k^(v)'s) 
and  the  population  densities  of  vibrational  levels 
N  .Thèse  last  quantities  can  be  obtained  by  soIt 
ving  a  System  of  v'+l(v'  is  the  number  of  vibra- 
tional levels)master  équations  including: 

a)  electron-vibration(e-V) energy  exchanges 

b)  .vibration-vibration(V-V)  and  vibration-transla- 
tion (V-T)  energy  exchanges 

c)  dissociation  nrocesses  induced  by  électron  and 
heavy  particles  collisicns(see  refs.L2,3]  ). 

It  should  be  noted  that  edf  enter  in  the  détermi- 
nation of  through  the  e-V  and  e-D  rates. On  the 
other  hand  the  populations  enter  in  the  Boltz- 
mann équation  through  the  superelastic  vibratif- 
nal  collisions 

e+  OgCv)        e+  02(v=o)  ii 
and  through  the  inelastic  processes  i. 
At  the  time  t=o  we  can  consider  ail  molécules  in 
the    ground  vibrational  level, so  that  the  e-V  and 


e-0  rates  are  those  calculated  from  edf  in  the 
cold  gas  approximation. As  the  time  evolves.the  po- 
pulation of  vibrational  levels  achieve  important 
values, so  that  the  superelastic  vibrational  colli- 
sions can  not  be  neglected.We  must  use  e-V  and  e-D 
rates  calculated  from  edf  which  take  into  account 
processes  i,ii.A  further  temporal  évolution  brings 
the  oxygen  atoms. The  Boltzmann  équation  must  be 
now  solved  for  a  mixture  of  vibrationally  excited 
molécules  and  atoms. This  means  that  the  kinetic 
problem  should  be  coupled  to  the  Boltzmann  équa- 
tion.This  coupling  has  been  done  in  the  présent 
work.Some  of  the  results  have  been  reported  in  fi- 
gures 1,2. In  particular  fig.l  shows  edf  calculated 

durinq  the  temporal  évolution  of  vibrational  le- 

-17     2  11  -3 

vels  and  oxygen  atoms(E/N=5.10     Vcm  ,1^=10    cm  , 

T  =500°K,p=5  torr).The  production  of  oxygen  atoms 
under  the  conditions  of  fig.l  is  small,so  that  the 
différences  in  edf  shown  in  fig.l  are  due  to  the 
increased  number  of  vibrationally  excited  molécu- 
les.To  characterize  the      distributions  at  the 
différent  times,we  can  say  that  they  follow  Trea- 
nor's  distributions  with  vibrational  températures 
-15;  =E^Q/ln(Nçj/N^)  assuming  the  values  of  0,1330 
and  1865°K  at  t=o,10"^  and  3.5  lO'^sec  respective- 
ly.One  can  appreciate  that  the  increase  ofl?',  in- 
creases  the  tail  of  edf  by  approximately  one  order 
of  magnitude. This  situation  propagates  in  the  e-D 
rates  of  the  process 

e+  O^iw)-*-  e  +  O^i/K^ïl)  ^  e+  20  iii 
(Herzberg  continuum)  as  can  be  appreciated  in 
î'ig.l, where  the  rate  coefficients  of  process  iii 
have  been  reported  as  a  function  of  time  for  dif- 
férent vibrational  levels. 

Figure  2  shows  the  temporal  évolution  of  edf  for 
E/N=9.1  10'^^Vcm^,ng=10^^cm"^,Tg=500°K  and  p=5torr, 
The  production  of  oxygen  atoms  is  in  this  case  ve- 
ry  important, so  that  edf  evolves  from  the  cold  mo- 
lecular gas  situation  to  an  other  one  composed  by 
oxygen  atoms. Once  more  during  this  évolution  the 
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e-D  rates  to  the  Herzberg  continuum(upper  curves 
in  fig.2)  and  to  the  Schumann  continuum( lower  cur- 
ves) 

e+  0^{w)        e+  02(B^2j       e+  20  iiii 
drastically  change  as  can  be  appreciated  in  fig.2. 
It  should  be  noted  that  the  dissociation  degree 
of  O2  in  fig.2  is  0,0.42  and    1  at  t=0,2.10"'^  and 
1.1  10     sec  respectively. 

As  for  the  dissociation  kinetics,the  présent  re- 
sults  obtained  with  e-V  and  e-D  rates  from  self- 
consistent  edf  quai itatively  confirm  those  of  réf. 
[2, 3j. Thèse  last  results  have  been  obtained  with 
e-V  and  e-D  rates  from  Maxwell  edf (réf. [2])  and 
from  the  cold  gas  approximation(ref . [3j) . In  parti- 
cular  the  présent  results  show  that      .  for  the 
conditions  of  fig.1  reaches  at  t=3.6. lO'^sec  a 
value  of  8.1.10"^sec-^  which  is  three  times  grea- 
ter  than  kj(v=0)ng.  On  the  contrary  for  the  calcu- 
lations  of  fig.2  k^^  closely  follows  kj(v=0)nç, 
since  the  large  concentration  of  oxygen  atoms!be- 
cause  of  their  large  V-T  deactivation  rates, prac- 
tically  destroy  the  vibrational  content  of  the  mo- 
lécules. In  thèse  conditions  one  again  observes  the 
assisted  recombination-di ssociation  mechanism  di- 
scussed  in    réf. [3] 


E(eV) 
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FORMATION  AND  DESTRUCTION  OF  NEON  MOLECULAR  IONS  IN  TOWNSEND  DISCHARGES 
P.A.M.  Van  Der  Kraan,  J.W.H.  Dielis,  F.J.  de  Hoog. 

EimLhovcn  UniversiUj  of  Technology,  Eirulhoven,   the  Netherlanda. 


As  a  part  of  a  more  comprehens i ve  mass  spectrometric 
study  of  Townsend  discharges we  have  investigated  the 
termolecular  association  reaction  of  atomic  neon 
ions  in  their  parent  gas  as  well  as  the  loss  of  the 
resulting  molecular  neon  ions  in  dissociative  colli- 
sions under  various  discharge  conditions.  Both  reac- 
tions can  be  represented  by  the  équation 


Ne 


■  2Ne 


Ne„ 


•  Ne 


(1) 


Molecular  ions  are  also  formed  by  associative  loni 
zation  from  highly  excited  states  of  the  neon  atom 
l'I- 

In  this  contribution  we  will  describe  the  discharge 
model  used  in  the  évaluation  of  the  measurements . 
With  this  model  we  were  able  to  détermine  values 


•fo 


the  : 


of  pr< 


(1) 


values  of  the  reduced  field  strength.  Finally  from 
measured  values  of  the  dissociation  rate  at 
différent  swarm  énergies  a  value  for  the  dissocia- 
tion energy  of  Ne^    was  found. 

Discharge  model.  Ion  sampling  from  Townsend  dis- 
charges between  flat  parallel  électrodes  at  current 
densities  lower  than  10~^  A/cm^  has  the  advantage 
that  the  discharge  can  be  described  by  a  simple  mo- 
del. Cumulative  processes  can  be  ruled  out  and  only 
processes  in  which  ground  state  atoms  are  involved 
are  relevant.  Space  charge  effects  are  not  présent. 
Ion  sampling  is  therefore  not  hampered  by  space 
charge  shielding  around  the  sampling  hole.  As  long 
as  the  gas  density  and  the  reduced  field  strength 
are  constant,  the  transn 
for  a  spécifie  ion  is  tV 
assume  that  the  diffusic 


here  v"" ,  v^""  and  v"  are  drift  velocities  of  atomic 
resp.  molecular  ions  and  électrons;  The  primary 
ionization  coefficient  a  is  split  in  a  contribution 
from  direct  ionization  o.^  and  from  associative  ioni- 
zation and        are  rate  coefficients  for  the 
conversion  and  the  dissociation  reactj 


of  the  sampling  hole 

In  our  model  we 
ms  in  the  field  di- 


rection (represented  by  the  coordinate  x) ,  can  be 
neglected  with  respect  to  the  drift.  The  atomic 
resp.  molecular  ion  density  n    resp.  obey 


■  dn 


(o)e 


2  - 


stands 


fo 


the 


slect 


ity. 


Using  the  boundary  conditions  n  (d)  =        (d)  =  0  at 
the  anode,  we  can  calculate  the  dependency  of  the 
ion  currents  at  the  cathode  on  the  électrode  dis- 
tance d. 

A  gênerai  trend  for  the  reduced  ion  current  density 
i.e.  the  cathode  ion  current  density  divided  by  the 
discharge  current  densicy,  is  that  for  small  élec- 
trode distances,  where  formation  of  ions  is  dominant 
with  respect  to  collisional  destruction,  it  increa- 


For  larger  distances  the  probability  for  collisional 
destruction  of  an  ion  increases  and  the  reduced  ion 
current  d^creases. 


Experiment 


(2a) 
(2b) 


The  ( 


riment  was  c; 
el  where  bef 


,  fiai 


stainless  steel 
plated  cathode  containing  the 
pling  hole  and  a  quartz  anode  c( 
a  non-self sustaining  discharge 
The  usual  ultra-high  vacuum  procédures  requi; 
ion  collision  studies  were  followed.  Ion  seli 


th  tin  o: 
tained . 


and  détection  took  pla 
spectrometer . 
In  Fig.    1  the  reduced 
électrode  distance  at 
pressure  of  2.33  kPa  i 


î  with  a  quadrupole  ma; 

3n  current  of  neon  ioni 
n  E/N  of  30.5  Td.  and  i 
shown.  From  thèse  dat. 


was  po; 


to  évaluât 
reaction  coefficie 
1  points  with  the 


the 


termolecular  associa- 
by  fitting  the  experi- 
Lon  of  (2).  The  coeffi- 


cient kj  has  been  determined  at  valu' 
ranging  from  9  Td.  up  to  30  Td.  and  at 
2.0  kPa  up  to  4.0  kPa.  At  thèse  valu 


of  E/N 
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dissociative  reaction  could  be  neglected.  Values  f 
were  Caken  from  our  own  experiments  on  associât 
ve  ionization.  Drift  velocities  and  values  for  a 
were  taken  from  |2|,|3|  and  |4|.  The  values  of 
obtained  did  not  show  a  variation  with  E/N.  In  thi 
interval  the  value  was  ( .  46+ .04)  .  1       Vs" '.  This  is 
in  excellent  agreement  with  values  obtained  from 
other  experiments  |2|,|7|. 

The  reduced  molecular  ion  current  was  measured  as  , 
function  of  d  at  pressures  ranging  from  270  Pa  up 
to  930  Pa  and  E/N-values  from  48  Td.  up  to  245  Td . 
A  typical  plot  of  this  parameter  vs.  d  is  shown  in 
Fig.   2.  The  value  of  k     used  in  the  analysis  was 
from  our  own  experiment.  The  values  of  the  dissocié 
tion  rate  k^,  again  obtained  by  least  squares  fit- 
ting  of  the  expérimental  points  to  the  solution  of 
|2|  are  plotted  in  Fig.  3  as  a  function  of  the  ion 
swarm  energy  W.  This  energy  was  taken  from  the 
driftvelocity  |2|  of  molecular  ions  using  Wannier's 
expression  | 5 | . 


ergy  of  1 


lolecula 


ions  are  known,  it  is  worthwile  to  détermine  a  value 
for  this  energy  from  the  behaviour  of  k^  as  shown 
in  Fig.   3.  As  a  first  approximation  we  therefore 
equate  the  swarm  energy  W  with  a  kinetic  température 
T  as  if  the  distribution  of  translational  energy  of 
the  molecular  ions  is  Maxwellian.  In  our  case  also 
the  distribution  of  the  molécules  in  the  vibrational 
States  should  be  taken  into  account.  This  because 
the  swarm  energy  may  be  well  above  the  energy 
différence  between  the  vibrational  states.  From  the 
measured  values  of  k^  we  can  détermine  that  for  E/N 
up  to  215  Td.  the  collision  frequency  for  dissocia- 
tion is  at  least  one  order  of  magnitude  smaller  than 
the  collision  frequency  for  elastic  collisions.  So 
we  may  assume  that  a  distribution  of  vibrational 
States  reflecting  the  kinetic  température  T  is  pré- 
sent. With  help  from  data  of  Cohen  and  Schneider  |6| 
we  are  now  able  to  find  that 


(kT) 


1/2 


exp(-D/kT)  , 


2(1+(D-E  )/kT) 


Zexp(-E^ykT) 

itional  level 


(3) 


the  summation  is  truncated  at  a  vi 
0.01  eV  under  the  dissociation  limit. 
The  dissociation  energy  found  by  fitting  (3)  to  the 
expérimental  points  is  1.4  jH  0.2  eV.  One  should 
note  that  the  expérimental  points  at  higher  swarm 
énergies  show  déviations  from  the  theoretical  model. 


Based  upon  the  ; 
pulation  < 

alid  at  higher  swarm  i 


isumption  that  our  considération  ( 
the  population  of  the  vibrational  levels  will  h. 


made 


potei 


alui 


sof  k^ 

of  1.1 


'ell  of  the  Ne, 


:/N  up  to  120  Td.  In  this 
eV  for  the  depth  of  the 
-molécule  was  found. 


E/N=30.6  Td 
p-2.3  kPa 


Ftg.l  Reduoed  atomia  ion  current  density  at 
the  cathode  vs. électrode  distance. 


E/N=1S2  Td 
p=400  Pa 


Fig.  2.  Reduced  molecular  ion  current  density 
at  the  cathode  vs. électrode  distance. 


W(eV) 


Fig. 2  The  dissociation  rate  of  molecular  neon 
ions  vs.the  ion  swarm  energy 
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CDF  MONTE  CARLO  AND  BOLTZMANN  CALCULATIONS  OF  ELF.CTRON  DIFFUSION  TO  AN  ANODE 
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Introduction:     Our  conception  of  the  diffusion  of 
électrons  in  a  gas  in  which  there  Is  a  unlform  elec^ 
trie  fleld  has  changed  markedly  in  récent  years. 
Expérimental  [1]    and  theoretlcal   [2.3]  investigat- 
ions of  the  diffusion  of  électron  puises  changed  the 
View  that  diffusion  was  Isotropic  and  Instead  di- 
ffusion longitudinal  and  transverse  to  the  electrlc 
field  has  been  represented  by  two  separate  diffusion 
coefficients        and        [4]  . 

Recently,  however,   [5]  ,  solutions  of  the  Boltzmann 
équation  to  give  the  électron  distribution  in  energy 
e  and  position  z  for  a  contlnuous  stream  of  élec- 
trons diffusing  in  a  unlform  electrlc  field  to  an 
anode,  showed  that  nelther        or        was  appropriate 
to  give  the  électron  denslty  distribution  n(z).  The 
présent  paper  repeats  this  calculation  using  Monte 
Carlo  methods  to  test  the  validity  of  the  previous 
Boltzmann  solution,  which  used  assumptions  such  as 
an  expansion  In  two  terms  in  spherical  harmonies  of 
the  distribution  function. 

Monte  Carlo  Calculatlons :  Monte  Carlo  calculations 
using  the  methods  of  [6]    were  made  for  a  contlnuous 


of  électrons  diffusing  I 
lie  weight  4  at  a  pressui 


an  anode  in  a  gas 
of  2.775  torr  at 
293°K  in  a  unlform  fleld  of  1  V/cm.     Elastic  coll- 
isions only  were  considered  using  a  momentum  trans- 
fer  cross-section  Q  =  6  10"^^(e/0.  where  z  is 

électron  energy  in  électron  volts.     For  Q  a  e  cal- 
culatlons are  simplifled  [6]  .  but  even  so  with 
16.000  électrons,  released  4  at  a  time.  at  regular 
intervais  of  10"^/4.000  S  over  an  Interval  of  10 
S.  -  10^  collisions  need  to  be  considered.  Elec- 
trons were  released  isotropically  at  a  point  source, 
1  cm  from  the  anode,  with  the  equilibrium  energy 
distribution.     Any  électrons  crossing  the  anode 

plane  were  removed  from  the  system.     The  speeds  and 
-5 

radial  and  axial  positions  at  the  end  of  10  S 
were  used  to  compile  the  accompanylng  figures. 


Boltzmann  Calculations:     The  Boltzmann  équation; 
3m  N 


was  solved   [5]    for  the  distribution  function  i  (e. 
z)  for  the  above  cross-section,  fleld  and  pressure; 
m  is  the  électron  mass,  M  the  atom  mass.  N  the  gas 
number  denslty,  e  the  electronic  charge,  E  the 
electrlc  field,  k  Boltzmanns  constant  and  T  the 
température.     Boundary  conditions  were  (1)  at  the 
anode,   ^  =  0,   (2)  at  c  =  1  eV,   f  =  0,   (3)  at  £  = 
0.  eE  3)5°/3e  =  -  3(^°/3z  and   (4)  at  a  distance  far 
from  the  anode,  e.g.,  1  cm,  i°  equals  the  equilib- 
rium energy  distribution  appropriate  to  3(5  /3z  =  0. 

Results:     are  summarised  in  Figs.   1-4  and  it  is 
seen  that  there  is  generally  good  agreement  between 
the  Boltzmann  and  Monte  Carlo  solutions. 

Fig.  1  indlcates  that  the  Boltzmann-Monte  Carlo  re- 
sults for  the  électron  denslty  n  differ  substan- 
tially  from  the  classical  solutions  of  the  contln- 
uity  équation 

A  (n  W  -  D  =  0 

where  the  values  of  the  drift  velocity  W  and  élec- 
tron diffusion  coefficient  D  are  taken  as  constants 
independent  of  position  appropriate  to  the  value  of 
E/N.  Solutions  using  D  =  or  D  =  underesti- 
mate  and  overestlmate,  respectlvely ,  the  diffusion. 
The  électron  denslty  gradients  perturb  ^  so  that 
W  and  D  are  really  complex  functions  of  z. 

Fig.  2  indlcates  that  the  average  électron  energy 
near  the  anode  is  almost  a  factor  of  two  larger 
than  the  equilibrium  average  energy  appropriate  to 
E/N.  This  increase  is  a  resuit  of  the  absence  of 
électrons  back  scattered  from  positions  in  front  o 
the  électrode  which  would  have  a  low  energy  bacaus 
of  thelr  drift  agalnst  the  electric  field.  Slmila 


C7-  18 


effects  act  to  reduce  the  average  energy  in  the 
Monte  Carlo  solution  at  the  source  of  électrons. 

In  Fig.  3  the  effective  drift  velocity  W  near  the 
anode  is  shown  to  be  markedly  perturbed  by  the 
effect  of  the  anode. 

To  obtain  accurate  plots  of  (i°(£,z)   from  Monte 
Carlo  calculations  would  require  still  more  coll- 
isions than  we  have  considered.     Instead  we  show 
^e'(!°de  as  a  function  of  e  in  Fig.  4  as  an  indi- 
cation of  Fig.   3  shows  predicted  current ratios 
for  the  Townsend -Huxley  experiment.     When  absorption 
at  the  cathode  is  included.  Monte  Carlo  ratios  are 
between  prédictions  from  the  continuitv  équation 
using  (1)   isotropic  diffusion,  and   (2)  calculations 
using        and         [2J  . 

Conclusion:  Electron  drift  and  diffusion  in  a  unl- 
form  electric  field  cannot  be  represented  by  drift 
and  diffusion  coefficients  that  are  independent  of 
position.  For  a  continuous  stream  of  électrons  ab- 
sorbed  at  électrodes  the  effective  longitudinal  di- 
ffusion coefficient  differs  from  that  appropriate 
to  diffusing  puises. 


,  J.J.  Phys.Rev. 
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INVESTIGATIONS  OF  THE  ELECTRON  ENERGY  DISTRIBUTION  FONCTION  IN  KRYPTON  AF  Tfc  RGLOW  PLASMA 


O.  Angelov,  A.  Blagoev,  Te.  Popov. 

Sof  ia  Uni  oet'S  i  ty . 
Sovt>ral   previous  wor-ks  /l-'5/  madc    in  t.li<- 
artorf.low   or   lu>liiim,    lu-cn    :uui   nTT.oii    j  us  i - 
tlvo    c-olun.n    slu.w    eut    tli.it     in    Uu-  initial 
poriod    ol    Llu-    plasma    dc(  a>  ,    wlien  tho 
quantity    of    the    excited  atorns  and  charged 
pai'ticles  lias   not   yet    been   subs  t  ant  ia  i  ly 
decreased,    tho   électron  enorgy  distribu- 
tion function   (KEDF)  ma)  substantially 
deviate   from  the  Maxwellian  distribution 
function  in   the  high   energy  région:  l.The 
fast   électrons  number  could  be  many  or- 
ders  higher   than  in  a  Maxwellian  distri- 
bution with   the   température  of   the  me.in 
group   of   électrons  T^.    2.This  number  de- 
creases   in  time  much  more    slowly  than 
usually  presumed. 

This  work  gives   the   results  of  similar 
investigations   in  the   krypton  afterglow 
for  wnich  no  previous  data   existe  as  far 
as  we  know. 

The  measurements  were   carried  out   on  the 
same   expérimental   device,    used  and  de- 
scribed  in  détails   earlier  /l/.  Short, 
rectangular  voltage   puises  at  répétition 
frequency   1,5  kHz  were  applied  on  the 
électrodes   of  the  discharge   tube.  The 
expérimental   conditions  were:  discharge 
puise   current   I   =   6   *   60  rr.A,    gas  pres- 
sure about   0,7   torr,    tube  diameter  r  = 
2,6   cm,    radiuÊ   of   cylinarical  probe 
il.lO"-*  cm. 

In  a  selected  moment  after  the  cesation 
of  the  discharge  current  were  made  both 
electrical  probe  and  optical  absorbtion 
measurements.    As   it   is  well   known  EEDF 


is   connected  with   the   second  derivative 
of   tlie   i)robe   current   i''(v)    by  Druvestain 
relation.    Wo   used    the    t ime - r e sol v ing 
metliod   for  obtaining  i"  (  v  )    in  a  plasma 
with  periocically   changing  parameters/  1/ 
On  fig.1    are   showti  expérimental   tEDF  ii- 
absolute  units  measured  at   delay  tinie 
'î;r=200  and   5^0  mks  after   the  uiscliarge 
puise  end. 


if  5  6  7  £ûl/J 

The  maximum  at  5,8  volts  is  due  to  the 
électrons,  created  in  the  chemoioniza- 
tion  reactions: 

Kr^P.  +  Kr^P  —  Kr^      ^Kr''+ e(  b  , '+7eV  )      (  1  ) 
Kr  ^Pg  +  Kr^P^— Kr"*  S^+Kr^+  e(  5  ,9^eV)      (  2  ) 
Kr^P^  +  Kr^Pg— Kr^  S^+Kr^+  e(  5  ,82eV  )      (  3  ) 
Thèse  reactions  may   also   produce  Kr^+e. 
In  the   processes    (l)-(3)    the  électrons 
are   created  with  definite   énergies.,  but 
expérimental  maximums  are   broadened  and 
fused  by  the  influence   of   the  finite 
amplitude  of   the   imposed  modulatlng 
vol tage . 

The  density  n     of   the   excited  krypton 
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atoms  Kr^P^,  of   the  K.-^P^    ato.s  and 

of   the  Kr^P^  atoms,    which  are  vital 
for   the  fast    électrons   création,  was 
determined   by  measuring   the  fractional 
absorbtion   of   the   spectral    Unes  Kr7594A, 
Kr5870  A  and  Kr7854  A   connected  with 
thèse  levels.   The   line   strength  values 
Were   taken  frorn   the  works  /4,5/. 
At   our  expérimental   conaitions  of  low 
gas  pressure  and  discharge  currents,  the 
behaviour  of  fast    électrons   is  governed 
by  free  diffusion  towards    the   tube  walls. 
In   this   case   theoretical  calculations 
/l/   for   the  EEDF   f.ive   the  following 
expression  for  the   total   density  of 
électrons   in   the   energy  range  about 
<^^=5,8   eV  at   the   tube  axis 


DU)  (k) 

v'here  p,  ^o'  f  2 1    ^"'^     22  ^^te 

constants  for   the  reactions  (l),  (2) 
and   (3)   respectively , 


A  is   the  difusion  length,   D(C)   is  the 
free  diffusion  coefficient   of  an  élec- 
tron wit,.   energy   £  ,   J^(  ^     1)  ^^^^ 
Bessel  function. 

Because  of  the  small  density  of  the  ^P 
and  ^P^    levels   significant  contribution 


in   the  have   exclusivelly  reactions 

including  ^P^    level,   namely   (1)    .  (3). 
For   the  détermination   of   the  rate  con- 
stants  of  Penning  ionizations  were  made 
complex  measurements  at   40  différent 
discharge   conditions   and  delay   times.  A 
System   ol    inaependant   équations   in  the 
form   of  relation   (k)   was   set   up  from 
the  results   of   thèse  measurements.  It 
was   solvea  by   the   smallest   squ.^re  methou. 
In   this  wa>    it  was   f ound  out   that  the 

rate   constant   for   the  reaction   ( ^P     ^P  ) 
2  '  2' 

is    p  22   =   (9,3  +   0,4). 10-9  cm-^s-\  for 

the  reaction   ^^^2''^^]^  ^^^2^~ 

(1    +    0,5). 10"^   cm^s"^    and   for   the  reac- 


(3,2    +  1,0). 


The  gas   température  at    thèse  small 
discharge   currents   is  about   300°K,  so 
the   corresponuing  cr oss - sec  tiens  for 
thèse  processes   at   the   energy  0,026  eV 
n-13  2 


:  (J-22   =    (2,4  +    O,  1  ).10- 


=    (2,6  +    1  ,2).10-^3^^2^ 
o-13_2 


0^2  1 

r^o  =  (8,3  +  2, 6). 10" 

The  results  strongly  dépend  on  the  line 
strength  values. 
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REACTIONS  OF  DOUBLY  CHARGED  IONS  WITH  VARIOUS  NEUTRALS 
K.  Peska,  E.  Alge,  H.  Villinger,  H.  Stôri  and  W.  Lindinger. 

institut  fur-  ,.pe.i.cntaIphysCk  de.  LeopoUi  Framens  Universit^t  Abteilung  Atomokysik  (HUlle), 
Karl  SchSnhevvstra&e  3,  A  6020  Innsbvuck,  Ostevrezah. 


Récent  investigations  of  reactions  of 
doubly  charged  ions  /1-5/  have  shown  that 
they  occur  in  most  of  the  cases  via  single 
charge  transfer  and  that  they  obey  a  curve 
Crossing  model,   developed  by  Landau,  Zener 
and  Stueckelberg   (see  Ref.1).  Spears  et  al. 
/I/,  who  have  applied  this  model  to  re- 
actions of  Mg"*"*"  and  Ca       could  show,  that 
the  reactions  are  fast,  when  there  is  a 
curve  crossing  between  the  potential  curve 
of  the  reactants  and  the  coulomb  repulsion 
curve  of  the  products    (Fig.1)   at  an  inter- 
nuclear  distance  of  a  few  8. 


Fig.  1 

In  order  to  get  more  insight  into  the 

mechanism  of  the  reactions  of  doubly 

charged  ions,  we  have  investigated  many  of 

them  as  a  function  of  the  relative  kinetic 

energy  KE       of  the  reactants   (thermal  to 
^-^  cm 

a  few  eV)    in  a  drift  experiment  /2,5/. 
Most  of  the  reactions  with  molecular  reac- 
tants turned  out  to  be  fast  and  indepen- 

dent  of  KE     .  This  is  understandable  due 
cm 

to  the  fact  that  most  molecular  ions  have 
a  wide  variety  of  high  lying  electronic 
States  with  many  vibrational  levels,  so 


that  in  many  combinations  of  doubly 
charged  ions  and  molecular  reactants, 
curve  crossings  occur  in  the  proper  in- 
ternuclear  distance,   thus  leading  to  a 
high  reaction  probability.  As  an  example 
for  such  a  case  we  show  in  Fig. 2  the  en- 
ergy dependence  of  the  reaction  Ne  (  P)  + 


1»10" 


I   I  I  I  ll|  \  '    I   I  I  M  1 

Ne^(3p) 


Ne*^(3p)  +  H2 

p{Torr)  Ne  buffer 
•  0,10 
*0.21 
-  0,29 


Ar-^(3p)  +  He 


P{Torr)   Ar  buffer  _ 
0  0,12 
^0,19 
□  0,26 


_J  l    I   I  M  I  1 


Fig. 2 


The  situation  is  quite  différent,  when  H2 
or  a  rare  gas  is  chosen  as  the  neutral 
reactant.  The  H2'*^-System  has  a  wide  range 
from  18.2  eV  to  about  2  8  eV  in  the  Franck- 
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Condon- régime,  where  no  electronic  states 
exist,   and  the  rare  gas  ions  (singly 
charged)   have  excited  states  only  high 
above  the  ionic  ground  state,   so  that 
the  conditions  for  a  curve  crossing  at  an 
internuclear  distance  of  a  few  S  is  met 
only  in  a     few  cases.   In  the  reaction 


Ar  'S) 


He 


Ar 


He     the  curve 


crossing  occurs  at  2.0  8  which  is  too 
close  to  allow  for  a  high  reaction  nroba- 
bility  and  thus  the  reaction  rate  constant 
is  very  small   (k  <    10~^^  cm^  sec~%. 
Ar'^^(^P)   reacts  with  He  with  a  thermal 
rate  constant  of  about  5.5  x  lo'^^cm"^ 
sec     ,   the  respective  curve  crossing 
being  at  4.5  8.  As  Fig.2  shows,   there  is 
a  distinctive  increase  of  the  rate  con- 
stant for  this  reaction    with  increasing 
relative  kinetic  energy  KE^^  of  the 
reactants.  An  increase  of  KE^^  means  a 
shift  of  the  curve  crossing  point  to 
samller  internuclear  distances.  From 
thèse  results  one  has  to  assume  the  maxi- 
mum of  the  reaction  probability  for  the 
above  type  of  reaction  to  occur  between 
2  and  4.5  8.   This  agrées  well  with  re- 
suit of  Johnsen  and  Blondi,  who  found 
Ar     (  D)    to  react  quite  fast   (k  10~^° 
cm     sec     )  with  He.   The  curve  crossing 
is  at  2.8  8  in  this  case. 

Several  more  reactions  will  be  discussed 
in  View  of  the  curve  crossing  mod4l  and 
results  of  the  reactions  of  Ar"*""*"  ( -^p)  , 
Ar"^^(^S)   and  Ne++(^P)   with  various  neu- 
trals  will  be  shown. 
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A  COLLISIONAL  RADIATIVE  MODEL  OF  THE  ARGON  ION  SYSTEM  TESTED 
FOR  A  LARGE  RANGE  OF  ELECTRON  DENSITIES 


V.  Van  Der  Sijde,  B.F.M.  Pots,  ID.C.  Schram. 

ELtkihoVcn  Unioevaity  of  Technology,  Ei> 


Introduction.  We  reported  ear 
between  a  Collisional  Radiati' 
the  argon  ion  System  and  dens 


(C.R.M.)  for 

virements  of  the 


4s  and  4p  group  of  that  System  from  the  plasma  co- 
lumn  of  a  hoUow  cathode  arc  (H.C.A.)   [1,2].  The 
literature  data,  available  at  that  time,  had  been 
digested  in  this  model;  we  refer  to  [2]  for  a  com- 
plète description.  We  only  mention  that  the  3d 
group  had  been  divided  into  three  subgroups,  owing 
to  their  différent  nature  (metastable  and  strongly 
radiative  levels)  and  that  the  measureraents  covered 
an  électron  density  range  n^  from  I-IO    m  to 
2.5'lo'\~^.   It  appeared  that  there  was  a  factor  3 
discrcpancy  between  the  model  and  tue  expet imeuLdl 
data  for  the  4p  group.  Measurements  with  a  new  type 
of  H.C.A.  with  n^-values  from  2.5.1o'^  -  2.b-\0^^ 
m~^  showed  an  increasing  discrepancy  with  the  exis- 
tent model  with  increasing  density,  so  that  it  was 
évident  that  this  model  was  not  adéquate  to  give  a 
good  explanation  of  the  expérimental  behaviour  of 
excited  groupa  over  the  whole  density  range.  We 
therefore  decided  to  modify  the  C.R.M.  and  to  in- 
clude  processes  to  and  from  the  doubly  ionized 
ground  levels.  Récent  data  of  JoUy  [3]  were  a 
helpful  guide  in  this  new  approach. 

Expérimental  set  up.  The  spectroscopic  measurements 
have  been  carried  out  by  détermination  of  the  radi- 
ation of  the  doublet  4p  group  from  a  10  mm  radius 
plasma  column  of  a  steady  state  H.C.A.  with  a  0,5  m 
Jarell-Ash  monochromator .  The  discharge  has  a  pres- 
sure of  1  mtorr,  a  confining  axial  magnetic  field 
of  0.05  -  0.5  T  and  a  current  of  20  -  200  A.  The 
électron  température  and  -density  measurements  have 
been  performed  with  a  Thomson  scattering  device 
having  a  pulsed  -50  J,   1.5  ms-ruby  laser  as  a  radia- 


■alues  from  2.5-10      -  2.5-10 

températures  T    from  2.5  -  4.8  eV, 


the  Netherlands. 

measured  4p  group  densities  fro-i  4.7- lo"  -  b-io'^ 
m"-^.  The  conclusion  is  that  there  is  -  apart  from 
expérimental  scatter  -  a  reasonable  agreement  be- 
tween the  original  model  and  the  expérimental  data 
for  n    <  2.lo'^m~"^  with  a  différence  of  a  factor 
2.5-3  between  them.  This  factor  was  also  found  in 
Refs.   [1,2].  For  higher  n  -values,  however,  the 
discrepancies  increase  up  to  a  factor  400,  showing 
that  this  model  is  inadéquate  to  describe  the  main 
physical  processes  in  the  argon  ion  System  for  this 
Ù2nsity  range. 

The  modified  model.  The  main  changes  we  propose  in 
the  model  in  this  prelindnary  stage  are  that 

1)  we  diminish  the  excitation  rate  from  the  3p  ion 
ground  levels  to  ail  excited  groups  by  a  factor  3 
in  order  to  obtain  a  better  agreement  at  low  élec- 
tron densities.    This  adaption  can  be  iustified  by 
the  fact  that   in  the  low  density  case,  a  Corona 
model  exists  in  which  almost  the  total  excitation 
activity  cornes  directly  from  the  ground  levels  and 
no  other  processes  can  cause  the  différence  between 
model  and  experiment.  Also  Jolly  [3]  pointed  out 
that  Zapesochnyi's  values  [4]  may  be  too  high; 

2)  we  introduce  ionization  from  ail  ion  groups  to 
the  doubly  ionized  ground  levels  and  recombination 
from  thèse  levels  back  to  the  ion  System.  Thèse 
latter  processes  appeared  to  be  of  minor  signifi- 
cance  but  the  ionization  processes  appeared  to  be 
very  important  in  diminishing  the  discrepancy  be- 
tween model  and  experiment  for  high  n^-values. 

ses,  we  used 
of   1-  lO^'-^m'^s   '   at  T     =  3  eV 
for  the  4p  doublet  group,  according  to  récent  data 
of  Jolly  [3].  This  rate  represents  a  very  large 
cross  section.  For  other  groups  comparable  values 
have  been  used.  This  stepwise  ionization  -  or 
possibly  excitation  to  highly  situated  groups  - 
play  an  important  deexciting  rôle  for  the  4p  group 
at  high  n  -values.  Many  other  (de)excitation  pro- 
cesses between  excited  groups  as  e.g.  between  the 
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larger  i 
om  one  te 


îtes  do 


furthe: 
Calculations  c 
ionized  partie 


.zed  System  i 


4p  and  3d,4s  with  comparable 
only  travel  the  excited  parti 
other  group  and  are  not  real  loss  processes  for 
thèse  groups.  Processes  to  singly  and  doubly  ionized 
ground  levels  can  be  considered  as  such.  The  latter 
are  far  more  important  than  the  first. 
3)  We  may  drop  the  condition  that  n^'  =  n^  (ion  den- 
sity)  and  allow  that  n.  <  n^  according  to  the  re- 
lation n^  =  n.  +  2n.     .  This  assumption  leads  to 
improvement  between  model  and  experiment. 

the  balance  équation  for  the  singly 
es  suggest  that  it  is  necessary  to 

n    for  a  number  of  conditions  in 
e  that  the  ionization  to  the  doubly 
;r  than  or 
lingly 

ionized  System  n^  '^^'^e^I-II'  '^^^^        necessary  to 
maintain  steady  state  in  the  case  that  diffusion  of 
argon  ions  is  negligible  or  is  in  the  radial  outward 
direction.  The  condition  looses  its  significance  if 
radial  inward  diffusion  should  exist.  However, 
measurements  of  the  intensity  of  the  \  =  328.6  nm 
argon  III  line  suggest  for  a  simple  Corona  model  for 
the  présent  4p  level  with  a  rather  high  transition 
probability  value  A  =  4-10^s~'  and  a  relatively  low 
valme  of  the  excitation  cross-section  of  10~^'^m^ 
that  the  n^"^*  densities  are  much  smaller  than  n. 
and  conseuqently  n^  -  n^.  We  conclude  that  a  defi- 
nite  judgement  on  this  point  is  not  possible  at  this 
moment.  We  présent  in  Fig.    1  : 

1)  the  comparison  between  the  original  model  and  the 
measurements»  2)  the  comparison  with  the  model,  modi- 
fied  according  to  point  1)  and  2);  3)   the  same, 
modified  according  to  point  1-3).  In  both  modifica- 
tions, there  is  the  expected  agreement  with  the 
experiment  for  the     low  n  -values.  There  are  still 
discrepancies  up  to  a  factor   25    for  high  n  -values 
in  the  first  modification  and  a  factor  6  for  n  - 
5' 10    m      in  the  second  modification.  It  is  in  both 
cases  suggested  that  still  other  depopulating  pro- 
cesses are  important.    (In  fig.  2  we  show  the  ratio 
n^/n^  as  a  function  of  n    for  ail  conditions  to  re- 
alizé  n.  <-^^>-,^_^^^  1       ^^^e^I-II"  ^'^^  smoothed 
curve  was  used  for  further  model  calculations.) 


it  that  for  n  -values 

;o  the  doubly  ionized  sys- 

a  partial  explanation  of 

irovided  that  the  rather 

:  used.  Further  improvements 


can  be  reached  if  n.  <  n^  but  the  évidence  of  this 
assumption  is  doubtful  at  the  moment.  The  measure- 
ments of  Jolly  with  a  6  mm  bore  laser  tube  suggest 
that  in  his  case  n^  =  n.  to  explain  the  large  densi 
ties  of  excited  groups. 
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Fig.   1  Discrepancies  between  model  and  experiment 
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CALCULATION  OF  THE  PHOTOIONIZATION  CROSS  SECTIONS  OF  EXCITED  LEVELS  OF  RARE  GAS  ATOMS 


P.  Ranson  and  J.  Chapelle. 
C.R.P.H.T.-C.N.R.S.  Orléans.  France 


I-  INTRODUCTION  :  The  calculation  of  the  photoio- 
nization  cross  sections  of  excited  levels  of  rare 
gas  atoms  is  of  great  interest  for  many  problems 
like  émission  and  absorption  of  light  by  plasmas 
or  hot  gases  or  like  the  détermination  of  optimal 
expérimental  conditions  for  laser  discharges. 
Ab  initie  calculations  are  generally  complex  and 
it  is  easier  to  use  semi-empirica 1  methods.  One^ 
of  them  is  the  quantum  defect  tnethod  which  permits 
to  calculate  the  radial  part  contribution  on  the 
s.  Intermediate  coupling  is  used  for 


II-  CALCULATION  OF  THE  CROSS  SECTION  /!/ 

Il-g-  General  form  :  With  the  assumption  o'. 
the  central  field  approximation,  the  photoioni; 
tion  cross  section  of  an  atom  in  a  state  i  by  < 
photon  of  energy  hV    is  given  by  the  formulae 

_.o  Bohr  radius,  R^a   Rydberg  constan 
;tà?2stical  weight  of  the  atom. 
transition  strength  S  is  given  by 


:,(r) , 


(2) 


others  and  with  those  of  regular  part. 

II-c-  Radial  matrix  élément  :  For  bound  states 
radial  wave  functions  are  calculât ed  from  the 
asymptotic  expansion  with  the  correction  for  small 
radius.  For  free  states,  a  séries  expansion  /3/  is 
used.  With  this  method,  the  matrix  élément  can  be 
calculated  in  analytic  form.  We  obtain  an  alter- 
nate  séries  expansion  which  converges  only  if  the 
condition  ku^<.  1  is  fulfilled.  The  condition  of 
convergence  can  be  less  rigid  if  the  intégration 
is  made  from  0  to  R  where  R  is  calculated  so  as  to 
introduce  only  a  very  small  error  (10     ).  Then, 
the  validity  of  the  calculation  is  limited  to  the 
condition  kn"^    2  by  the  increa; 


where  P^^ 

except  of  a  factor  r,  are  the  radial  wave  functions 
for  bound  state  i  =  ( n )  and  for  free  state 
j  =  (  E  =  k^,  £')  and  where  Cii  cornes  from  the 
intégration  of  angular  part. 

Il-b-  Calculation  of  radial  wave  funotion  : 
The  quantum  defect  method  /2/  (       -  n-n^,  n**  ef- 
fective quantum  number)  based  on  the  Coulomb  ap- 
proximation valid  for  great  distances  between  the 
core  and  the  électron  allows  the  évaluation  of 
radial  wave  function.  VJith  this  approximation,  for 
the  bound  states  and  particularly  for  the  high  K, 
states  (  2),  the  solution  of  the  radial  Schrô- 

dinger  équation  diverges  for  small  r.  It  is  then 
necessary  to  introduce  a  rixt-off  factor  with  the 
form  fc(£  ,r)  =  (l-e"  ^t^^^^^+l  „hich  gives,  in 
the  case  ia < 1 ,  a  good  variation  of  the  wave 
function  near  the  origine  and  in  the  gênerai  case 
which  permits  to  keep  a  finite  wave  function. Jhe 
coefficient  TTg  is  adjusted  by  the  normalisation 
condition. 

For  the  free  states,  the  radial  wave  function  is 
a  linear  combinaticn  of  regular  and  irregular  ^  so- 
lution of  the  radial  Schrodinger  équation  which 
gives  an  asymptotic  from 

where  the  phase  shift  (S^'(k^)  is  calculated  by 
extrapolation  of  the  quantum  defect Jj    to  positi- 
ve énergies.  It  is  also  necessary  to  use  a  cut-off 
factor  of  the  same  form  as  for  the  bound  states 
for  the  irregular  part.  It  is  adjusted  by  fitting 
the-first  extremum  in  the  irregular  part  with  the 


of  the  term  of 


Il-d-  The  intermediate  coupling  for  the  rare  gas 
The  term  Cij  of  the  formulae  (1)  gives  the  angular 
part  of  the  cross  sections.  The  excited  states  of 

coupling  schemes  of  différents  orbital  and  spin  mo- 
menta.  Indeed  ,  the  appropriate  coupling  is  interme- 
diate beyween  the  LS  coupling  and  the  Jj  or  JÈ 
coupling.  For  this  purpose,  the  observed  energy  le- 
vels are  used  for  the  décomposition  of  real  states 
on  the  Jj  states  basis.  For  the  continuum  states, 
the  computed  coefficients  are  extrapolated  from 
high  lying  levels.  Then,  the  value  of  Cij  can  be 
calculated  via  matrix  algebra. 

II-c-  The  continuum  states  phase  shifts 
The  quantum  defect  method  gives  the  relation  bet- 
ween extrapolated  quantum  defect  (in  the  conti- 
nuum) and  phase  shifts  of  free  states  for  a  séries 
"P^  [^^3/2,1/2!    n'-€'tK,j]   .  However  the  séries 
with  same  parity  and  same  total  momentum  J  are  mu- 
tually  perturbed  and  it  is  necessary  to  take  this 
perturbations  into  account  in  the  calculation  of 
extrapolated  quantum  defects.  The  method  proposed 
by  Edlen  /4/  is  used.  The  quantum  defect  of  a  state 
i  belonging  to  the  séries  1  and  perturbed  by  the 
states  k  of  the  séries  2  is  given  by 


be  approximated  by  a  quadratic  expai 
energy. 

III~  APPLICATION  TO  THE  LEVELS  np^  [  ^P^,2(n+l)s  ; 

J  =  2,1  r%  and  S^  in  PASCHEN  NOTATION) 
We  have  calculated  the  photoionization  cross  sec- 
tions of  this  two  levels  for  Ne,  A^r,  Kr,.Xe  atoms. 
The  transitions  is  possible  to  free  states  with 
i'  =  1.  For  the  levells^  (J  =  2)  only  transitions 
to  the  ionic  core  ^P3/2  s.re  allowed  and  the  sé- 
lection rules  limit  the  transition  to  5  levels 
(PIO,  pg,  pg,  P7,  P5).  For  the  levellS4(J  =1), 
transitions  to  the  two  ionic  cores  '^t'z/?-'  ^1/2 
are  possible  and  only  the  transitions  to  level 
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are  forbidden. 

The  figures  la-d  show  the  resuit  with  comparison 
to  other  theoretical  works  (Me  Cann-Flan^ry  /5/, 
Hyman  /5/,  Hazi-Rescigno  /7/  and  Hartquis  /S/). 
For  Ne,  our  results  are  in  relatively  good  agree- 
ment  with  other  values  (except  /S/),  but  for  Ar, 
important  discrepancies  exist  and  for  Kv>  and  Xe, 
only  the  results  of  Hartquist  are  in  good  agree- 
ment.  Few  expérimentai  results  are  available. 
For  Xe,  the  values  of  Rundel  and  al  /8/  are  in- 
termediate  between  différents  theoretical  results. 

-ZT  -  CONCLUSION 

Our  method  gives  with  a  minimum  of  calculations 
the  photoionization  cross  section  including  several 
phenomena  (sommation  on  ail  final  states,  transi- 
tions between  différent 


ore,  mutual  pertur- 
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Fig. 
Fig. 


:  Photoionization  cross  sections  fdr  Isr 

and  Isi^  levels.  Solid  curve  :  our  results; 

dot-dashed  curve  :  Me  Cann  - Flammery ; 

dashed  curve  :  Hartquist,  (0  :  Is^^) ,  (A  :  Iss  ) . 
:  Neon,  dotted  curve  :  Hazi-Rescagno  (dipo- 

le  velocity);— ..  .  .  Hazi-Rescagno  (di- 

pole  lenght). 
;  Argon, dotted  curve:  Hyman  (note  the  scale 

change  for  Hartquist  results  and  for  our 

results  nearly  the  threshold). 

Krypton,  dotted  curve  :  Hyman. 

Xénon,  crosses  :  expérimental  results  of 

Rundel  and  al. 
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ATOM  DEN5ITIE5  OF  THE  FIRST  EXCITED  STATE  IN  LOW  PRESSURE  NEON  DISCHARGES 

N.  van  Schaik,  L.W.G.  Steenhuijsen.  P.J.M.  Van  Bommel.  J.C.A.M.  Van  de  Nieuwenhuyzen. 
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Introduction.  The  relai 
of  the  various  neon  Is 
means  of  optical  fluon 
charge  tubes  (d  =  31  m 
laser  (Spectra  Physics 


ve  and  absolute  densities 
evels  were  studied,  by 
cence,  in  cilindrical  dis- 

A  multi-mode  CW  dye 
lodel  370)  was  used  as  ex- 


The  relative  densities  and  their  ratio' s  were 
measured  in  the  active  discharge  and  in  the  after- 
glow  of  a  neon  discharge. 

The  absolute  densities  were  measured  in  the  positive 
column  of  the  neon  discharge  by  tneans  of  a  modifie, 
absorption  method;  the  absorption  of  the  laserlight 
in  the  plasma  was  deriveo  from  the  measured  at- 
ténuation of  the  fluorescence  signal  along  the  path 
of  the  laser  beam.   In  this  case  only  that  part  of 
the  laserlight  spectrum  that  can  be  absorbed  con- 
tributes  to  the  measuring  signal;  disturbing 
effects  at  the  entrance  and  the  exit  of  the  tube 
are  eliminated;  the  accuracy  is  enhanced  because 
the  absorption  can  be  measured  for  a  large  number 
of  différent  path  lengths  in  the  same  tube. 


the  absorption  profile;  this  is  justified  because 
the  width  of  the  laser  spectrum  is  about  15  times 
broader  than  the  width  of  the  absorption  profile 
g.(v).  Moreover  we  assume  that  the  laser  mode  con- 
figuration does  not  change  substantially  with  a 
change  in  the  laser  wavelength.  The  slight  différ- 
ences between  the  various  functions  g.(v)  are  ne- 
glected  because  of  the  small  energy  gap  between  the 
Is  levels.  The  ratio  between  the  fluorescence  ra- 
diation when  Is.  and  Is,  are  irradiated  is: 


elative  densities.  The  flu( 


4).  originating  from  the  2p2  1 
(Paschen  notation)  after  optical  pumping 
Is.  to  2p.  is  given  by: 


ence  radiati( 
isition 


■  T.  J.  (v,  )B 


i  coefficient 


i=  M,  R,  S,  T  for  respectively  the 
and  Is     level.  B^^ 
'•2'3.5).  „     -g  the  density  of  level  Is.;  is 
the  spontaneous  transition  probability  for  the  2p2- 
IS2  transition;  a''  is  the  total  t  ransition  pro- 
bability of  the  level  2p2;  g^C^^^ 


frequency  v    of  the  norma 


lised  absorption  profile 


J,(V^)  the  radiative  energy  densi 
,  is  irradiated. 


of  level  1 

ty  in  laser  mode  k  when  li 
The  summation  is  made  over  ail  laser  modes.  We 
assume  that  J.(v„)  is  constant  for  ail  within 


M2  M 


[2) 


J^(tot),  J^(tot)  are  the  value 
power  when  level  Is^  respecti' 


s  of  the  laser  beam 
ely  Is^  is  irradiatec". 
Corresponding  relations  with  (2)  can  be  derived  for 
other  Is.  combinations.  From  (2)  foUows  that  n^/n, 
can  be  determined  from  the  fluorescence  radiation 
when  ail  other  parameters  of  the  expérimental  set 
up  are  kept  constant.  In  this  way  we  have  measured 
for  a  few  values  of  pressure  and  discharge  current 
the  relative  densities  of  the  IS3,   Is^  and  IS3 
levels.  This  was  done  in  the  active  discharge  as 

.  afterglow.  Figure  1  gives  the  ratios 
tube  as 


well  as 

of  the  relative  Is  densities  in  a  5  toi 
function  of  the  discharge  current.  At  30  irA  we 
V"r  "  ''^  "^^"^  reasonable  agreement  w: 

the  value  1.9  given  by  Soldatev        for  a  corre: 
ponding  situation.  Figure  2  give; 
n^/n^  in  the  afterglow  for  press 


of 


5  torr  and  a  discharge  c 
It  must  be  remarked  thaï 
arise  if  the  laser  mode 


sures  0.5,   1,  2  and 
rrent  of  22  mA. 
important  failures  may 
;onf iguration  is  not  stable 


or  if  the  laser  beam  power  is  too  large.  The  latter 
condition  may  be  checked  carefuUy.  In  a  number  of 
cases  we  have  checked  the  mode  configuration  by 
analysing  the  laser  line  shape  with  the  help  of  a 
scanning  Fabry-Perot  interf erometer . 
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The  absolute  densities.  We  have  measured  the  ab- 
solute  densities  with  the  expérimental  set  up  given 
in  figure  3.  The  laser  beam  enters  the  discharge 
tube  at  point  0  and  may  be  adjusted  parallel  with 
the  tube  axis.  Détection  System  DSI  is  fixed,  but 
DSII  can  be  moved  parallel  to  the  tube  axis.  The 
distance  from  0  along  the  tube  axis  is  denoted  by  x. 
We  will  dérive  a  relation  for  the  ratio  of  the 
fluorescence  radiation  (f)(x2)/(I>(X|  ) .  <i>(x^)  and  <f,(.x^) 
are  emitted  simultaneously  by  P     (at  x=x„)  and  P 


(al 


The  laser  energy  density  per  mode  and  per  unit 
volume  ■J^(Vj,,x)  is  a  function  of  x  according: 

with  k(v^)  is  the  absorption  coefficient  for  the 

central  laser  frequency  v  ;  k(v  )  =  a(v  )n  with 

o  o  o  M 

Cf(v^)  is  the  absorption  cross  section  at  V=v  , 
g''(Vj^)=  g(Vj^/g(v^). 

When  Jj^(Vj^,x)  is  substituted  in  relation  (1)  and 
using  V      V    we  f  ind: 


*(x,) 


2 


■  G(x,) 


with  G(x)  =  2^g''(Vj^)exp  (k(v^)x(I-g''(Vj^))). 
Figure  4  gives  the  calculated  values  of 
ln(4)(x2)/(J)(Xj  ))  versus  (x2-Xj  )  for  x^  =  0.04  m. 
Relation  (4)  may  be  approximated  within  5%  for 
k^Cv  )x  <  2.44  by: 


In  - 


=  -  0.707  k(v  )(x. 


■  0.0387  k  (v  )(> 


From  the  slope  of  In  (<p(x^)/(i,(x^))  at  x^  =  Xj,  we 
can  détermine  the  value  k(v^)  and  from  this  the  Is^ 
density.  Figure  5  gives  a  few  examples  of  our  ex- 
périmental results.  When  the  measured  absorption 
curve  is  not  a  straight  one  we  have  k(v  )  determined 
by  curve  fitting.  The  inaccuracy  is  better  than  10%. 
It  can  be  remarked  that  k(v  )  dépends  on  the  used 
spectral  transition.  So  it  is  possible  to  measure  in 
the  same  discharge  a  différent  absorption  behaviour 
by  using  différent  spectral  transitions.  Excitation 
of  the  Is^  level  with  X  =  588.2  nm  results  in  k(v^) 
=  21.7,  n„  =  3.52  lo'V"^;  with  A=  597.5  nm  results 
17  -3 

in  k(v^)  =  7.14,        =  3.44  10  m 

Figure  5  gives  the  absolute  density  with  P  =  1  torr 


1  good  agreement  with 


at  various  currents.  They  are  : 
measurements  from  Ricard  ^\ 
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Figure  3:  Expérimental 
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1.  iînergy  losses  due  to  excitation  of 
électrons  levels  in  collisions  of  élec- 
trons with  molécules  raay  be  ne-lected  in 
an  electrical  discharge  in        at  e/N  less 
or  about  A-IO""^  V cm^fiJ.Knergy  supplied  to 
is  transformed  into  heat  through  exci- 
tation and  relaxation  of  rotational  and 
vibrational  levels  in  molécules,  and  also 
through  elastic  collisions,  of  charged  par- 
ticles  with  molécules. 

If   A?      is  a  fraction  of  enerr.y  consu- 
med  to  excitate  vibrational  levels,  - 
to  excitate  rotational  levels  and^^^  is 
the  energy,  dissipated  through  elastic 
collisions,  we  have  following  expression: 

Characteristic  relaxation  time  for  vibra- 
tional  levels  in        is  much  greater  than 
that  for  rotational  levels.  Therefore  hea- 
ting  of  nitrogen  takes  place  in  two  ways: 
the  rapid  way  by  elastic  collisions  and 
rotational  relaxation,  and  the  slow  way. 
due  to  vibrational  relaxation. 

2.  Expérimental  détermination  of  the 
fraction  of  energy  consumed  by  the  rapid 
heating  processes  was  reoorted  in   [2]  v/hen 
E  N  was  varied  from  10"'"'  to  4- 10"  V-cm. 
In  our    paper  measurements  were  made  when 


to  10"''^  V.cmC" 


pe  shows  the  temporal  pressure  variations. 
Tv/o  sections  of  this  curve  can  be  distin- 
guished;  the  initial  section  v/ith  a  steep 
3lope,which  corresponds  to  rapid  relaxa- 
tion and  a  flat  section,  v/hich  begins  af- 
ter  the  end  of  the  pumping  puise  and 
whlch  corresponds  to  vibrational  relaxa- 
tion. 

3.  Methods  of  estimating  the  energy 
consumed  for  rapid  heating  of  nitro-en 
are  based  on  the  energy  conservation  lo:? 
for  -ases  at  constant  density: 

Here  iC    is  the  vibrational  ener-y  densi- 
ty, W  is  power  density  absorbed  by  the 
gas,       is  adiabatic  index.  By  integ,rating 
'(2)  from  0  to  Vp  (where    Zp   is  the  puise 
duration)  we  obtain:  ^ 

Here  àP  is  the  pressure  incrément  ncr 
■puise.  Expression  for  \  may  be  vn?itten 
■.  in  followin,:  form: 


r/W  was  varied  from  10 
Experiments  were  performed  in  extra  pure 
nitrogen  in      pulsed    discharge,  genera- 
ted  by  an  électron  beam.  The  dimensions 
of  the  discharge  chamber  were  9.4x2.8x2.4 
cm^  and  ail  measurements  related  to  a  con- 
stant volume  and  gaa  density.  V/hen  energy 
is  absorbed,  pressure  in  the  chamber  chan- 
ges accordingly.  Pressure  variations  were 
recorded  by  a  fast-  response  tensometric 
gaude.  Typical  oscillogram  of  a  tensomet- 
ric signal  is  given  in  fig.1.  The  envelo- 


Here  Z^^.  is  the  characteristic  relaxation 
time  related  to  vibrational  energy.  If 
Zp^  Zyr  «        "^^^  obtain  by  integr-iting 

After  the  end  of  the  pumping  puise  rapid 
recombination  of  plasma  takes  place. Pres- 
sure and  température  variations  will  be 
dépendent  upon  relaxation  of  vibrational 
levels.  This  process  is  described  by  équa- 
tions (2)  and  (4)  where  W=0.  The  system 
of  équations  (2)-(5)  can  be  reduced  to 
two  équations  for  and  Z^j- 


(4) 
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(8) 


lÔ()(-1)  2d(^-i)- 


(9) 


9.  =  /- 


(8a) 


(9a) 


Expressions  (7)-(9)  allow  to  compute 
?v  '       ^!^eC      ^'"^^   ^vT  measured 
values  of  &P  and  P'  .  Energy  input  densi- 
ty  can  be  detemiinated  from  the  mean  dis- 
charge current  and  voltage. The  cathode 
drop  v/hich  has  a  value  420±50V  at  P  =380 
torr  and  550±50V  at      =760  torr  should  be 
substracted. 

In  our  expérimenta  the  value  did  ' 

not  exceed  10"^  hence  the  equations^'is) 
and  (9)  may  be  simplified  as  follows: 

aP 

^^^^^^  ^  ~S(fî) 

Fraction  of  energy  absorbed  from  électrons 
through  elastic  collisions  is  givon  by: 

Here        is  frequency  of  elastic  collisions 
(per  one  molécule),       -mean  energy  of  él- 
ectrons, 2^-drift  velocity  of  électrons,  e- 
electron  charge,  m,M-electron  .and  molécule 
masses  respectively.  Dopendences  of  \^,V 
and  on  ïï/w  were  taken  from  [lj  .  acI 

cording  to  (10)  ""O^"  k/ïï^IO''''^ 

V-cm"  ,and         -    2%  at  ?./^=^o-^^  y -cm". 
Pig.2  shov/s  the  dependence  of  Ç  and 
on  e/n,  plotted  with  the  use  of  exp- 
resnions  (8a), (9a)  and  (10).  In  the  sarae 
figure  the  expérimental  data  f rom [,? , 3]  f or 

at  hi-.her  values  are  given.  It  can 
be  seen  tliat  our  results  are  in  -ood  ag- 
reoment  v/ith  [2,3]   at  k/k^IO"^^  V-cm'^." 

If  E/N  decreases,  decreases  raarkedly 

and    /^^       rapidly  increases. 


4.   A  systematical  error  v/hich  has  been 
made  in  our  expérimenta  in  the  détermina- 
tion of        and  ^2    is  due  to  présence  of 
a  buffer  voliime  in  the  discharge  chamber 
(-10%)  and  inaccurate  assessment  of  catho- 
de drop  value (+50V).  This  inaccuracy  leads 
to  an  error  in  the  value  of        which  is 
-10%  when  E/n=1.5'10"^'^  and  -1.5%  when 
:yïï=10"''^  V.cra^  at/0  =  3ao  torr.  At  =760 
torr  the  error  is  less.  l/e  consi.der  the 
accuracy  of  our  results  to  be  ^^15%. 

/ji  envelope  of  signais  from  the  ténso- 
raetric  censor  was  found  to  be  modulated 
by  2.5  kHz.  This  oscillations  modulation 
ivas  connected  with  the  génération  of  acou- 
stic  oscillations  in  the  resonator, formed 
,  by  the  walls  of  the  discharge  chamber. Es- 
timation of  fraction  of  energy  consumed 
by  this  oscillations,  shows  that  their 
mean  energy  density  is  less  than  lO'^J/cm? 
This  is  by  2  or  3  orders  less  than  the  to- 
tal energy  input  density. Therefore  the 
energy  of  acoustic  oscillations  in  the 
energy  balance  v/as  not  taken  into  account. 

Ilethods  described  above  were  tested 
in  a  mixture  002:112=1:3  (^=380  torr)  for 
which  the  vibrational  energy  relaxation- 
time  is  knov/n.  Tensometric  measurements 
of  pressure  variations  performed  with  an 
accuracy  of  +10%  coincided  with  those, 
coraputed  from  the  energy  input  density 
for  constant  volume  conditions. 


Références 

1.  A.G.Engelhardt,  A.V.Phelps,  vj.G.Risk. 
Phys.Rev., 135,6a, p. 1566  (I964). 

2.  A.  P.Napartovich, V. G.Naumov, V.M. Shashkov 
D/ai  33SR  V.232  p.  570  (1977). 

3.  R.W.Crompton,D, J.outton.  Pros.  Roy. 
Soc. A,  V.A215,  p. 467  (1952). 


colloque  C7 ,  BuppUment  au  n°?.  Tome  40,  ,JuUUt  1979,  nar,e  C7-  31 


,C3N  CLUSTERS  IN  THE  POSITIVE  COLUMN  OF  He-Co  AND  Ar-Co  DISCHARGES 


Y.  Kaufman,  P.  Avivi  and  F.  Dothan. 

Ha.-ah  m^nitutr  of  rh,jr.,\-a,   The  Ucbvcw  UnivePF.i 

The  positive  ion  spectra  of  He-CO  discharges  with 
and  without  small  additions  of  O2  have  been  descri- 
bed  in  (1).  Hère  we  report  on  positive  mass  spectra 
in  He-CO-02  and  Ar-CO  glow  discharges  in  a  wider 
mass  range  and  show  the  présence  of  ion  clusters 
having  a  mass  of  up  to  I88  A.M.U.. 

The  expérimental  setup  is  described  in  ref.l.  A  Qua- 
drupole  Residual  Gas  Analyser  was  used  as  an  ion  de- 
tector.  Positive  ion  spectra  were  taken  from  the  po- 
sitive column  of  a  discharge  maintained  in  a  tube  of 
3.3cm  inside  diameter. 

Fig.l  shows  the  positive  ion  spectrum  from  a  discha- 
rge in  a  mixture  of  He-C0=7 • 6-0 . 8  torr  at  a  current 
of  10.5mA.  The  ions  are  CO""  and  clusters  of  the  type 
CO"*'-CO-Cn  (n=0,1,...,ll). 


of  Jérusalem,  Jérusalem  Israël. 


and  lOmtorr,  causes  the  d i sappearance  of  heavy  clus- 
ters with  n>9,n>6  and  n> 3  respec t i ve 1  y .  With  a  par- 
tial pressure  of  15mtorr  O2  the  ion  clusters  dis- 
appear,  while  0^  becomes  the  dominant  ion  (Fig.  3)  • 


without  O2 


^  *o  *o  b  b  R 


70    90    110  ■  130    150    170  WU 
MASS  (A  MU  ) 

Fig.  i.  He-CO--O^=7.6-0.8-0  torr  ;  1^=10. 5mA. 
Adding  O2  to  the  He-CO  mixture  in  small  amounts  of 
3mtorr,  6mtorr  (Fig. 2) 

with    6^  Qz 


88       ï  8  8 


50    70    90    110    130    150    170  190 
-lO.SwA. 


0  10 

MASS  (AMU  ) 

..2.  He-CO-O  =7 .6-0.8-0.006  tor 


with  I5p  O2 


0    10     30  50 


110  130  150  170  190 
MASS  (A  MU  ) 


=10. 5mA. 


Fig.   3.   He-CO-O ^=7. 6-0. 8-0. 015  i 
The  positive  ion  spectra  of  Ar-CO  discharges  at  a 
current  of  25mA  are  given  in  Figs.  k-è.  Figs.  A  and  5 
show  that  addition  of  Ar  increases  the  relative  con- 


centrât ion 


of  ion  clusters.  Fig.  6  shows  that  coo- 
ling  the  tube  walls  (T^=220°K)  leads  to  the  appea- 
rance  of  the  ions  CO'^-CO-Cn  (n='4  8). 


50    60  70 
MASS  (AMU) 

Fig.   4.  Ar-CO=0.8-0.20  torr  ;  1^=2 5mA;  T^=300  °K. 
The  observed  change  in  ion  composition  when  0^  is 
added  is  in  accordance  with  other  authors  (2,3),  who 
argue  that  in  the  présence  of  oxygen  the  reaction 
CO        C+0  is  driven  pref erent i a  1 1  y  to  the  left.thus 
decreasing  the  carbon  concentration  hence  preventing 
cluster  formation.    Another  possible  process  for 
free  carbon  destruction  is  C+0.  -»-C0    +  0  [h  ,S)  . 
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The  Carbon  loss  is  in  agreement  with  our  results  of 
the  d i sappearance  of       Swan  bands  when  O2  is  added 
to  the  mixture  (6).    The  dominance  of  O2  ion  can 
expia  in  the  decrease  of  E/N  accompany i ng  O2  addi- 
tion (1,6).    The  decrease  of  E/N  results  in  a  shift 
of  the  électron  energy  distribution  to  lower  éner- 
gies, thus  lowering  carbon  production  by  dissocia- 
tion of  CO. 


Ar  -4.0  torr 
Co-0.20  torr 


"il  11  î  l 


30    40    50    60  70 
MASS  (A. M  U) 

,  At-Co=4.0-0.20  torr;  J  =  25mA;T  =300°K. 


Ar-3.0  torr 
Co-0.15  torr 


0   10     30    50    70    90    110     130   150    170  190 
MASS  (A.M  U  ) 

Fia.   6.  Ar-CO=3.0-0.15  torr;  I=25mA  ;  T  =220°K. 

 *   V  W 

The  graduai  d i sappearance  of  the  clusters,  starting 
with  the  higher  mass  clusters,  and  the  monotonie  de- 
crease of  their  concentrations  with  increasing  mass 
(Fig.1),   leads  to  the  assumption  that  the  clusters 
are  created  one  from  an  other  in  the  three-body 
process;        CO'*'-CO-C^_^+C+M  CO'^-CO-Cn+M 
where  M  is  an  atom  or  a  molécule.    This  process  is 
consistent  with  Thomson 's  theory  about  ternary  col  1 i 
-sions  (7,8).  This  theory  states  that  the  présence 
of  a  third  particle  M  îs  necessary  in  order  to  re- 
move  the  excess  energy  of  two  colliding  particles, 
so  that  they  end  up  in  a  bound  state.    This  causes 
the  growth  of  cluster  density  upon  adding  Ar  to  a 
Ar-CO  mixture. 

Theoretical  calculations  (8,9)  and  experiments  (10) 
show  a  strong  decrease  (almost  exponent'ial )  of  clus- 
ter density  with  gas  température.  This  is  further 


supported  by  comparing  Figs.  5  and  6.  Lowering  the 
gas  température  (by  cooling  the  tube  walls)  results 
in  the  appearance  of  five  heavy  clusters  because  of 
two  reasons:  1)  Preventing  thermal  destruction  by 
detachment  of  the  high-mass  clusters.  2)  Increasing 
sharply  the  formation  rate  constants  of  the  clusters 
(8). 

This  work  was  performed  with  the  help  of  a  grant  by 
the  Israël  Commision  for  Basic  Research  of  the 
Israël  Academy  of  Science  which  we  gratefully  ack- 
nowledge. 
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TIME  OEPENDENCE  OF  CATAPHORESIS  IN  A  NEON-ARGON  MIXTURE. 
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Within    the   past    twenty  years,  the 
steady-state   cataphoresis   ségrégation  phe- 
nomenon  has   been   studied  by  numerous  inves- 
tigators.    The    time   dependence   of  cataphore- 
sis  has   received   less  attention. 

In   the  présent  paper 
reported  of 
containing  a 


Ar 


some   data  are 
transient  cataphoresis   in  neon 
small    amount   of   argon.  Thèse 
measurements    involved    time-dependent  mass 
analysis   following   the   initiation  of  the 
discharge    (tube   length   115   cm,    inner  diame- 
ter   2.0   cm,    électrode   distance    100  cm). 
Gas   is   continuously   sampled   through  molecu- 
lar    leaks    in   the  wall   of    the   discharge  tube 
and    analyzed   in  a  quadrupole  mass  spectro- 
meter.    In   order    to   obtain  a    true  picture  of 
the    time  behaviour   of    the   cataphoresis  sé- 
grégation  in   the  discharge 
and  Ne  partial  pressure 
ted   for  changes 
by   the   gas   analysis   and  pumping  System  (1) 
Further   détails   concerning   the  discharge 
tube,    the   expérimental    System  and    the  me- 
thod  used   to  détermine 
constituents   présent  in 
can  be    found   elsewhere  (2). 

Expérimental  results. 

For  a  neon-argon  mixture  containing 
0.025  %  argon,  fig.l  shows  the  change  of 
the  relative  argon  density 
with  time  at  six  différent 
positive  column.  1^^^^^'''^ 
density  at  an  axi 
thode  at  the  time 
the  discharge,  n^ 
density  près 
pressure  is 


the  measur 
have  been  correc 
composition  caused 


the  neutral  gas 
the   positive  colu 


,(z.t)/n^^ 
sitions    in  the 
z,t)    is    the  admixture 
istance   z   from  the  ca- 
fter  the   initiation  of 

n       is    the   original  argon 
Ar 

t  in  the  tube.  The  reduced 
75  mbar   and   the  discharge 


current  is  100  mA. 
325   K.    Two  minutes 


The  gas  température  is 
after   switching   on  the 
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discharge  the  steady-state  cataphoresis  sé- 
grégation is  almost  reached.In  fig.l  the  cata- 
phoresis ségrégation  phenomenon  is  well  il- 
lustrated;  we  observe  the  strong  argon  den- 
sity  increase  at  the  cathode  end  of  the 
discharge  and  the  even  stronger  decrease  at 
the  anode  end.  In  table  1  some  numerical 
values    of  n^^(z.t)/n       are  given. 
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son   of    the   expérimental   results  with 


theory . 


The  density  of  the  admi 
function  of  place  and  time  is 
diffusion  équation  : 


St'^Ar  ^ 


t)    =  D  ■ 


.(z,t) 


K 


Ar 


[1  ] 
(z, t)  . 


D   is    the   diffusion   coefficient   for   argon  in 
neon   and    the   second    term  on   the   right  hand 
accounts    for   the   argon   ion   transport  : 
K  =  u  Ee    (3).    Il*   is    the   argon   ion  mobility 
in  neon,    E    is    the  magnitude   of   the  axial 
electric   field   and   9    is    the   degree   of  ioni- 
zation   of    the   argon  admixture. 

In   order   to   compare    the  expérimental 
results  with   theoretical   prédictions,  the 
partial   differential   équation    [1]   has  been 
solved  numerically   using    the    finite  diffé- 
rence  method    (4).    For    this   purpose   a  domain 
was   chosen  bounded  by    the   expérimental  ar- 
gon  densities    for   extrême   z   and  t-values 
(thèse  boundary   values    lie   outside  the 
dashed   rectangle   of    table  1). 
The    function  n^^(z,t)    was   determined  that 
takes    thèse   argon  density  boundary  values 
on   the   given  boundary  and  satisfies  the 
diffusion   équation    [1]   within   the  boundary. 


By   successive   itérations    (relaxation  method) 
the  numerical   values   of   this    function  with- 
in  the   domain   are   obtained.    The  calcula- 
tions  were   carried   out    for  D  =   35.4  cm^/sec 
(5)    and  K  =    1.99    cm/sec    (obtained   from  the 
slope   of   the   exponential   axial  steady-state 
distribution   of   the   argon  density). 
The   dashed   curves   of   fig.l    show   the  calcu- 
lated   change   of   the   argon  density  with  time. 
The   calculated   relative   argon   density  va- 
lues  corresponding  with   the  expérimental 
values   of   table    1    are    shown   in   table  2. 
Comparison   of   calculated  values  with  the 
measured  values    shows,    that    the  différence 
in  most   cases    is    less    than  5   %   and   in  no 
case   is    larger   than    10   %.    This  indicates 
that   for   the  neon-argon  mixture  studied, 
the  measured   time   dependence   of  cataphore- 
sis  appears    to  be    consistent  with  theoreti- 
cal prédictions . 
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1  .    Introduc  tion . 

Although   in   récent   years  much  work  has  be 
done   on  rare   gas   afterglows    in   the  VUV  ré- 
gion,   the   afterglow  émission   of    the  visible 
line   spectrum  has   only   occasionally  been  in- 
vestigated   [n[2][3].    In   this   paper   a  study 
of    the   spectral   région  400-900  nm  in   the  af- 
terglow  of   a  xénon   discharge    is  described 
(pressure   range   0,1-40  Torr). 
2.  Method. 

The   discharge    tube    is   a   cylindrical  pyrex 
vessel   40   cm   long,    diameter    38  mm.    The  d.s- 
charge  is   struck  betueen  two  nickel  rxng 
électrodes  placed   at   3   cm  from  the  end  Win- 
dows.  A  side   arm  is  provided  at   one  end  to 
run   the   discharge   at    low  pressure  without 
sputtering  électrode  material   on   the  Win- 
dows.   A  rectangular   voltage  puise  with  a 
fall    time    less    than    1    US    is    applied  with  a 
807   penthode   connected  parallel    to    the  dis- 
charge   tube.    The    tube   is   pumped   down  on  a 
UHV   System  and   fiUed  with  high  purity  xé- 
non   (L'Air  Liquide  N47).    The    light   is  col- 
lected  at    the   end  window  with   a   lens  and 
focussed  on   the   entrance   slit   of    a  monochro- 
mator.   The   détection  System  consist   of  a 
Optical   Multichannel  Analyser    (PAR  DMA  1 
System)    with   a  SIT   detector.    This  detector 
can  be   gated   to   obtain   a   time  resolution^ 
down   to    100  ns.    The   spectral   resolution  is 
determined  by   the    1200    1/mm  grating  and  was 
better    than  0,5   nm.    In   this  way   ail  the 
principle   Unes   of   the  Xénon  spectrum  were 
completely   separated.    The  OMA  System  was 
used   to   obtain   spectra   in   segments   of   200  n 
at   selected   times    in   the   afterglow,  determi 
ned  by   a  delay   generator.    Thèse   spectra  we- 
re  recorded  with  a  XY   recorder   and   read  out 
subsequently  as   no   digital   readout  facili- 
ties   are   available   at   the  moment. 


3.  Results. 

A   typical    resuit    is    shown   in  Fig.l.  The 
light    intensity   I   at    first    increases  during 
the    afterglow  period,    then   decays  exponen- 
tially.    and    finaUy   shows   a  n  on-e  xp  onen  t  i  a  1 
very   slow  decay. 

This    last   decay  has   been   observed  by  other 
authors    [3][A]    and   identified   as  recombina- 
tion   light.    obtained   through    the  dissocia- 
tive    recombination  process  : 

Xe^  +  e  ->  Xe^  ^  Xe  +  Xe"  (D 
Xe"  ^   Xe   +   hv  <^  2  ) 

The   dimeric   ions   Xe^    are  known   to  be  abun- 
dantly   formed   in   the   earlier  part   of  the 
afterglow   through   the    three-body  process  : 
Xe""   +   2Xe  ^   Xe^    +   Xe  (3) 
The    recombination  phenomena   are    governed  by 
the    rate  équation 

1_  lli^  =   -  a.n  (4) 
where  a.    représenta    the   recombination  coef- 
ficient  for   the   appropriate   ion  species   N  . 
Therefore   intensity  decays  due   to  recombina- 
tion  foUow   the  law 

1/2 


I~ 


■  a  .  t 


This    intensity   decay   is    observed   in   our  ex- 
périmenta  only   for    the    later  part   of    the  af- 
terglow.   This   means   obviously    that    in  the 
earlier   afterglow  other  processes   have  to 
be  rate-determining. 

We  shall  now  concentrate  on  this  earlier 
part.    This   decay   can  be    fitted   to   a  curve 

(6) 

A  plot   of  a.    respectively  6    against   p  is 
given   in  Fig.2   and  Fig.3.    The   points    up  to 
20  Torr  have  been   least-square   fitted.  to 
give 


:  1?.  +  137  P  +  309  p' 
P 

■■   5330  p 


(8) 
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We  suggest  the  foUowing  explanation  : 
Dimeric  ions  are  formed  according  to  (3), 
with  rate  constant  a.  a  then  represents  the 
conversion  coefficient  of  atomic  ions  into 
dimeric  ions.  This  coefficient  is  given  in 
literature  by  several  authors  between  190p^ 
and  450p2 [5  ]  [6  ]  . 

The   pseudo-lif etime    3   can  be   explained  as 
follows    :    the   Xe^    ion  is    formed   in   an  exci- 
ted   State    from  which   it   cannot   readily  re- 
combine.   It   decays    to  a   lower  vibrational 
level,    possibly   down   to  v=0  by  collisions 
with  neutral  atoms. 
The   reaction   séquence   thus  reads 


Xe  +  Xe  -V  (Xe^)"" 
and 

Xe""  +  2Xe  ->-  (Xe^)" 
fol  lowed  by 

(Xe^)""  +   Xe  ^  (Xe 
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Xe 


+   K.  E  . 

5330  p 


(9) 


(11) 


(Xe^)"  +  e  -.-  (Xe^)'"  ^  Xe'"+  Xe  (12) 
Xe"  Xe  +  hv  (13) 
Here  (Xe2)  represents  one  of  possibly  se- 
veral higher  vibrational  states  whereas 
(Xe2)  represents  a  lower  vibrational  state, 
possibly  v=0. 

Process    (9)    has   not  been  mentionned   in  li- 
terature before. 
4 .    Comment . 

Turner   and   Riccius    [1]   have  performed   a  si- 
milar   investigation   in  krypton.    They  found 
only   an   exponential   decay  with   a   rate  con- 
stant  900  p    for  which   they   suggest   a  pro- 
cess  similar    to    (11).    However    they  failed 
to   observe    the   initial    formation  processes 
(9)    and/or    (10).    Expérimenta   are  planned  in 
krypton    to  verify    the  se   results   under  our 
expérimental    conditions.    A  computer  program 
was  written   to   obtain   the   variation   of  the 
light    intensity   during    the   afterglow,  ta- 
king   account   ail    f o r emen t i onne d  processes. 
The   shape   of    the    intensity  versus    time  cur- 
ve    is    indeed  nearly  exponential,    as  obser- 
ved.    At    low  pressures    (<1    Torr)  diffusion 
effects    can  be   expected    to   show  up .  This 
process    can  be    char acteri zed  by   an  exponen- 
tial  decay;   we    find   a   ambipolar  diffusion 
coefficient  —,    in   agreement  with  literatu- 
re   [3].    At  pressures   above   20  Torr,    the  ex- 


perimentally   obtained  a   tend    to  be  signifi- 
cantly    lower    than  predicted  by    (7).  This 
could  mean   that   other  processes   become  im- 
portant,   which   is   now   further   i nve s t i ga te d . 
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1  .  Introduction. 

The   VUV   continuum  in   rare   gases   has  been 
extensively   studied  with   différent  methods. 

-  Discharge   afterglows  were  mainly  studied 
at    low  pressures    (0,1-20  Torr) .  Absorption 
measurements    on   the    ^P^   metastable  state 
established   the   rôle   of   three-body  colli- 
sions   :     R('Pa)    -   2R(^S^)   -         ^  R  (1) 
Reaction  rates   for  process    (1)    are  : 
Ar:18.5   pMl]     Kr:4A  pH2]     Xe:87  p^[3] 

-  Excitation  byhighly  energetic  particles 
(a  source   or  e-beam),    usually  at  higher 
pressures    (100-1000  Torr).    As  precursors 
ail  4   States   of   the  np=(n+l)s  configuration 
have  been   involved.    Reaction   rates    for  (1) 
were   stated  as  : 

Ar  :  10  pH4]  Kr  :  46  pH9]  Xe  :  40  p^[6] 
For  the  ^Pj  résonant  state  reaction  (2)  has 
been  established  with  rate   constants  : 

R(^P^)    +   2R(iS^)    -  r';  (2) 
Ar    :    21   p^S]   Kr    :    8,45   pMS]   Xe    :    46  p^[6] 
-  Optical   excitation  using  synchrotron  ra- 
diation has  been  applied   to  Kr   and  Xe  [7]. 
This  yields   for  reaction  (2) 
Kr:23  p'   Xe:36  p^  when  R^   is    the  0^  state 
Kr:46  p^   Xe:63  p^  when  R=^=   is   the  state. 
The  0+   state   can  either   decay  radiatively, 
or   collisionally   through  : 

r;=(o;)  +  R(^S^)  -  ^  (3) 

Reaction   constants   are  ; 

Kr    :    3,3    lO^p         Xe    :    2,8  lO^p 
-  Other   expérimental    techniques    are  not  re- 
viewed   for   lack  of   space.    GeneraUy,  we 
find  that   low  pressure   afterglow  data  tend 
to   give   reaction  rates   roughly   twice  those 
obtained  at  high  pressures  with   other  me- 
thods.   Low  pressure   absorption  measurements 
being   the   only  ones  where   the  precursors  can 
be  positively   identified,   we   report  measure- 
ments  of   the  VUV  émission  in  discharge  af- 
terglows  at  pressures  between   1-150  Torr, 


in  an   attempt   to  elucidate   this  discrepancy. 
2.  Theory. 

In  our  analysis  we   use   a  four-level  model. 
Let  R  represent   the   'Pj    résonance  state, 
M  the   ^P,  metastable   state;   P   and  S  indica- 
te   two  molecular   levels  which   can  be  popu- 
lated   t-hrough   collision  processes.   We  give 
no  assignment   to   thèse   levels,    as   they  may 
stand   for   a  multitude   of  vibrational  levels 
belonging   to   différent  excimer   states.  We 
define  : 

g   decay   constant   for   the   escape   of  impri- 
sonned   résonance  radiation 

collision-induced   transistors   R  to   S,K   to  ii, 
M   to  R,    M  to  P,    S    to  P,    P    to   S,  respective- 
ly.    Excimers    S   and  P   decay  with   time  con- 
stant  e   and  T   respectively . 
The    foUowing  set   of   differential  équa- 
tions  results  : 

-   -(P^«RM*-RS)^  * 

f  =  -Rk'^  -  (%R-HP>" 

g  =  -(P-ap3)P  -  a^pM  .  agpS 

i|=-(0.a3,)S.a^3R.a,3P 
We  neglect  backward   transitions   R-^M  and  b  k. 

We   obtain   for  P   and   S  : 

P   =  C,e-^^.C,e-P^.C3e-''f^C,e-^st 

S   =  C.e-^^C.e-P'^-C^e-'^f^Cee-'^-' 


df,d^  =  i[-(a+b)  ±  /  (a-b)^+  4"rm%r1 
a   ,    p   =  i[-(m+k)    ±   /  (m-k)^+"4agpaps] 


With  reaction  rates  known  from  literature, 
we  find  that  for  pressures  up  to  6'0  Torr, 
within  5   1:  d^  =   a     ,      d^   =  b 

Simplification   of  a   and  p    is   more  diffi- 
cult,    as   no   reliable   values   of   the  coeffi- 
cients  6,p.aps  agp   are  known.    It   seems  how- 
ever    that   at  pressures    up    to   about   50  Torr 
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have 


m,  k. 


3 .  Expe  r imen  t a  1  . 

The    discharge    tube   is    discribed   in    [3].  It 
is    followed  by   a  McPherson   218  monochroma- 
tor.    The   détecter   is   a  EMI-GENCOM  G-26E315. 
The   PM  signal    is   analysed  with  a  DATALAB  DL 
920    transient   recorder  with   a   time  resolu- 
tion of   50  ns.    The   intensity   decay   is  fit- 
ted   to   a   curve    :    I   =  Ae"P '^  +  Be"'*f '^  +  Ce"'^s  ^ , 
The    fast   decay  Ae   ^  *"   may    include  several 
transient   processes    and   has   not   been  analy- 
sed,   d^   and   d^   have   been   defined  earlier. 

4.  Résulta. 

We    distinguish  between  : 

a)  The  wavelengths    adjacent    to    the  -'s 
résonance    line    (first  continuum). 

b)  The    so-called   second   continuum  with  a 
maximum  at    I  7  Onm  (  Xe  )  ,  I  5  Onm  (  Kr  )  &  130nm(Ar) 

No   significant     wavelength   dépendance  was 
found    throughout    this    second   continuum.  A 
typical    resuit    i.s    given   for  Xe    in  Fig.l. 
The    full    line   is    a   curve   fit   to    the   d  va- 
lues   from   the   second   continuum  at  pressures 
<   20  Torr. 

In  complète  agreement  with  absorption  stu- 
dies,  we  find  :  Ar  :  d^  =  45p  +  ISp^  (4) 
Kr  :  d^  =  82p  +  4lp2  (5) 
Xe  :  dg  =  n3p  +  87p2  (6) 
At  higher  pressures  the  observed  d  is  al- 
ways  slower  than  predicted  by  (4) (5)  or  (6). 
At  the  same  time,  d  becomes  highly  dépen- 
dent on  the  discharge  current.  This  implies 
that  interactions  involving  électrons  beco- 
me  important.  The  points  presented  in  Fig.l 
are  taken  in  a  diffuse  discharge  at  the  lo- 
west   possible  current. 

A  computer   simulation,    including  dimeric 
ion   formation   and   r e comb i na t i on  was  attemp- 
ted.    As   no  précise   values    of   électron  den- 
sity   and   température  were   available,  thèse 
were    treated   as   a  parameter.    The  computer 
predicted  decays   show  an  exponential  decay, 
corresponding    to   d    ,    with   a   time  constant 
10    to   200   %  below   the    full    line   of  Fig.l, 
the    lower  n     giving   the   best  approximation. 
The    first    continuum  has    only  beeti  measured 
in  Xe .    It   decays  with   rate    constant   d^  which 
which   is    close    to   the   measured  decay   of  the 
^Pj    résonance    line,    reported  in  [I0](dashed 
I ine)  . 


A.  Discussion. 

Our   results    indicate    that    reaction  rates 
obtained   from   'P^    absorption  measurements 
in  Ar,    Kr   and  Xe ,    are    indeed   reliable.  The 
discrepancy  with  high  pressure    results  is 
probably  partly   due    to   other  precursors, 
partly    to  neglect   of   électron   collision  ef- 
fects.    Collision   induced    transitions  such 
as    (3)    also  become    increasingly  important 
at   higher  pressures. 
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THEORY  CDF  RESONANCE  RADIATION  IMPRISONMENT 


M.  Vanmarcke,  W.  Wieme.  . 


1  .    Introduc  t  ion . 

The   Holstein   theory   of    résonance  radiât 
imprisonment  has   been   found    to  be    in  rea- 
sonably   good   agreement  with  expérimental 
déterminations    of    the    imprisonment    time  at 
intermediate  pressures    (O.l-lO  Torr)    in  ra- 
re   gases    [1].    Recently   Payne   et   al.  [2] 
claimed  a   discrepancy   as   much   as   a    factor  3 
at    low  pressures    (0,002-0,5   Torr)    in  argon 
and    they   developed  a    theory    involving  the 
effect   of   corrélations   between   absorbed  and 
emitted   frequencies.    We   develop   here   an  al- 
ternative  model  which  was   constructed   in  or- 
der   to  be   readily   accessible   for  computer 
calculations,    thereby   avoiding  Holstein's 
analytical  approximations. 

2.    Theoretical  Model    for   Cylindrical  Geome- 
try  . 

We    consider  Nj^(t)    résonance   atoms,  symme- 

trically   distributed   in  an   infinité  cylin- 

der  with   radius   R.    We   define    the   number  of 

résonance   photons    emitted   in   the    time  m- 

terval    dt  between   the   distances    r   and  r+dr 

from   the    axis    as    (Fig.l)  : 

N    (t)w(r.t)dr  (') 
^  N 
Here  represents    the   natural    lifetime  of 

the  résonance  state  and  w(r,t)  is  the  rela- 
tive number  of  résonance  photons  between  r 
and  r+dr.  For  i s o t r opic  emi s  s i on  a  fraction 
[l/4TT]sine  de  d(t,  is  emitted  between  O.G  +  df 
and    <4,,<^+d(t).    The   number     of   photons  with  < 


frequency    (v.v-^dv)    is   P(v)dv  while    the  pro- 
bability   of    reaching   the    cylinder  wall 
without   being   absorbed    is    given  by 
-k  p(r,e.<t)) 


-k  ,P 


noted    further  as 
:    absorption   coefficient    for  photons 
with    frequency  V 
p    :    distance    from  émission  point    to  the 
wall .    (P=  AB   on    figure    1 ) . 
The   number   of  photons    reaching   the  cylinder 
wall    is    given  by    :  Att  dN^^Ct)  = 

-/^P(v)dv^YCw(r.t)sinee-SPdrded*  (2) 
We    consider   a  non-r e f 1 e c t i ng   cylinder  wall, 
so   dNj^(t)  represents    the   number   of  photons 
disappearing   from   the    gas   volume   between  t 
and    t+dt.    For   an  exponential   decay  with  ti- 
me  constant   t    ,    as    is    found   expérimental ly , 

we   have  (t)    =   -  N    (t)f^  (3) 

^  s 
Combining    (2)    and    (3)    gives    the  relation- 

ship  between  natural    lifetime  T^^   and  im- 
^  _ 

prisonment    time  :  ^ 

rP(v)dv^^^"^'"w(r.t)sin9   e'^^vPdr  dB  (4) 
It   is   clear    that   as   t^/t^    is    a    time  indé- 
pendant quantity,    then  w(r,t)    =  w(r)    has  to 
be    time    independent    too.    Quite  similarly 
the   variations   of    the   number   of  résonance 
atoms    in   a   cylinder  with    radius   s<R,  at 
times   between    (t,t+dt)    by   summing  up  the 
loss    and   gain   of  photons    (Fig.2)  : 

ATTTNd[^'N^(t)w(r)drl  = 
-rP(v)dv;^/''/'''N„(t)w(r)drdtsinededrt>e"''^^'' 

5  0    0    0  ^ 


^|fp(v)dv/V^^-^-  Nj^(t)„(r)drdtsinGded<!,}. 

r  ^     "  (5) 

Because  of  the  exponential  decay  of  N^^  and 
the    time    dependence   of  w(r)    we  have  : 

d[^^(r)dr  N^(t)]    =  -N^(t)^  /^w(r)dr  (6) 
In   order   to  be   able    to   calculate  w(r)  we 
propose   a  parabolic   density  distribution 
for   the    résonance   atoms  : 

Hj^Cr.t)    =    (1    -  A  — )n_(0,  t)  O^A<I 
Equalling    (5)    and    (6)    we    find   that,    for  any 
s,    w(r)    must   satisfy   a  relation 

V(A,s)    =  G(KR,A,s)  (7) 
K    :    absorption   coefficient   at    the    center  of 

the   résonance  line. 
V(A.s)    =         w^(r)  dr 

G  ( .  .  )  jfp  (.v)dvf^ff\ir)  s  inGe-'^vPdrdedc^Î  x 
[/"P(v)dv/V^^^w(r)sinee-'^vPdrded<!>  - 
fP(v)dv/^^^/*"'^'^  w(r)sine 

[e-'^vPi_e-kvP2]drded4 

^nd  ,     ^  4  Ar^  y 

R 

Computer   calculations    of  V  and  G  with  para- 
meters   A  and   s    under   the   assumption  of 
either  natural   and  pressure   broadening  or 
doppler  broadening,    show   that    (7)    can  only 
be   satisfied   for   one    unique   value  A     of  the 
parameter  A   (Fig.3).    With   this   A^  which  re- 
mains   of   course    function   of  KR,    w(r)  is 

completely   determined  and   therefore  —  can 
^s 

be   calculated   from  (4). 

For  KR>10  we    find   the    following  formulas 

a)  natural   and  pressure  broadening  : 

^  =  ^  Holstein   :         =  0^ 

s  /KR  ^ 

b)  for   doppler  broadening  : 

^  =  — 1^     Holstein    :  =  -L^ 

s        KR\/TTln  KR  kr^/ÏÔ^ 

Conclusion. 

Our  calculations,  compared  to  Holstein's, 
give    about    a    10   %    lower   imp r i s onme n t  time 


for  doppler  broadening,    and   the   same  re- 
sults    for  pressure  broadening.   At  KR<10, 
our  results   can  be    compared   to  Orlov[3]  and 
Schafer[4].   Their  assumptions    (Orlov   :  p=R, 
Schafer    :   homogeneous   equilibrium  distribu- 
tion,   or  A^=  0)    lead   to  some  discrepancies 
with   our  more   gênerai  calculations. 
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Nous  avons  utilisé  un  tube  à  dérive  à  intro- 
duction sélective  (T.D.S.M.)    (1)  pour  l'étude  de  la 
réaction  CH3*  +  NH3  dans  une  garune  d'énergie  com- 
prise entre  0,04  eV  et  1  eV.  l^s  ions  CH3*  sont 
produits  à  partir  de  CH^  dans  une  source  à  bombar- 
dement électroniaue  puis  sélectionnés  parmi  les 
fragments  ionisés  à  l'aide  d'un  spectromètre  de 
masse  avant  leur  introduction  dans  le  tube  à  dérive 
d'une  longueur  effective  de  56,5  mm.  L'ammoniac  est 
introduit  dans  le  tube  à  différentes  dilutions  dans 
l'hélium  utilisé  comme  gaz  vecteur.  La  gamme  de 
pression  dans  le  tube  est  comprise  entre  0,3  et 
0,7  Torr.  Afin  de  diminuer  l'état  d'excitation  des 
ions  l'introduction  se  fait  à  basse  énergie  (2  a 
3  eV).  L'énergie  des  électrons  ionisants  dans  la 
source  contribue  à  l'excitation  des  ions  initiaux, 
elle  a  été  abaissée  à  la  valeur  minimale  compati- 
ble avec  un  niveau  de  signal  suffisant  (20  eV) . 

La  constante  de  vitesse  globale  k  de  la  réac- 

+      k  .  C  NH  +  k^' 

tion  primaire:  CH^   f  (18) 


{  CHjNff^  k 


(1) 
(32) 


est  obtenu  en  se  plaçant  dans  des  conditions  de 
pseudo-premier  ordre.        temps  de  réaction  égal 
au  temps  de  transit  des  ions  dans  le  tube  à  dérive 
est  déduit  des  mobilités  précédemment  déterminées 
(2).  L'analyse  des  ions  produits  permet  d'attein- 
dre les  rapports  de  branchement  et  de  déterminer 

1,''-^       v'^^       k'^^    .  Du  fait  des  réac- 
les  valeurs  k^^g^,  ^  ^^^y  1^(32)  • 

tions  secondaires  des  ions  produits  avec  NH3  les 
constantes  doivent  être  extrapolées  pour  [nHj]  =  O 
(Figure  1).  L'accord  avec  les  valeurs  de  SMITH  et 
ADAMS  à  300  K  est  satisfaisant. 


Inhs  I 


Les  valeurs  de  kj^^^  et  k^^^^^  ont  été  déterminées 
par  comparaison  entre  les  profils  expérimentaux  et 
les  profils  théoriaues  (Figure  2) calculés  pour  un 
temps  de  réaction  donné  égal  au  temps  expérimental 
en  fonction  de  [NH3] .  Ce  procédé  a  été  appliqué  à 
différentes  températures  (Tableau  I) .  L'équilibre 

zz^  Nnt     intervenant  S  haute  température  n'a 
pas  été  abordé. 
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A  partir  de  ces  résultats  pour  expliquer  l'é- 
valuation des  concentrations  ioniques  en  fonction 
de  la  concentration  en  NH3,  à  température  et  temps 
de  réaction  constants,  nous  avons  envisagé  le  mo- 
dèle suivant: 
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Tableau  I 


„(2) 
'molec  cm^.s 

• 

-1 

molec     .cm  .s 

:  365 

(1  i  1)  10-1° 

(1  t  1)  10-1°  _ 

:  540 

(2  +  0,2)  - 

(2+1)  - 

800 

(2  +  0,2)  - 

(4  +  r        -  : 

1500 

(3  +  0,3)  - 

(8+1)       -  :' 

2500 

(5  +  0,5)  - 

(8+2)        -  ': 

4000 

(7  +  0,7)  - 

6000  : 

(8  +  0,8)  : 

S  CM  <eV  ) 

Figure  1  q  Aav  :  Référence  3. 
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gradient  along  the  field  direction (  3  axis  ), 
we  find  the  integrodif f erential  équation 
for      -        3"^^  £72  • 

-  /    g^v  î'Y^  No^(y,y',u)di/<ifi 


INTRODUCTION 

^7^^  years  there  has  been  a  renewed 
interest  in  the    velocity  distribution 
function  of  électrons    in    weakly  ionized 
gases.       m  this  report  we  présent  the 
theoretical  analysis  of  the  électron  swarm 
in  a  relatively  high  E/N ,    considering  an 

anisotropy  of  the  distribution  function. 

The  présent  developed  theory  is  applied  to 

the  électron  swarms  in  neon. 

BASIC  THËOKï 

The  Boltzmann  équation  for  the  velocity 

distribution  function  g^r.v.t)   of  électrons 

moving  through  a  slightly  ionized  gas  under 
the  influence  of  a  uniform  electric  field  E 


(3) 


3t 


■  J(g) 


(1) 


where  v  is  the  électron  velocity,     e  the 

electronic  charge,     m    the  électron  mass  , 

and  J(3)   the  collision  intégral. 

we  express  the  distribution  function  in  the 
foriu  of  the    first    three-terms  of  the 
spherical  harmonie  expansion    in  order  to 
make  clear  the  anisotropy  of  the  function 

where  g^  is  the  isotropic  part   of  the 
distribution  function,  g,  and the  first 
and  second  anisotropic  parts,  and  e  the 
angle  between  v  and  E.       When  the  expansion 
(2)   is  inserted  into  the  équation   (1)  under 
the. condition  of  one  dimensional  spatial 


m  équation   (3),   the  first  square  bracket 
represents  a  divergence  in  velocity  space , 
and  the  second  square  bracket  shows  a 
divergence  in  position  space.       The  rest  of 

therightside  show  the  terms  of  the  inelastic 

collisions  including  ionization. 

Here,  we  may  estimate  g^  as 

m  thèse  circumstances,  the  électron  swarm 
is  subject  to  a  continuity  équation  of  the 
form 

32 


•(      (z,t)n{z,t)  \ 
.(  D^iz,t)niz,t)  )  +  vAz,t)niz,t)  (5) 


.  J-(  W{z,t)n(z,t)  ) 

32 

33 


where  „  r    u    ^  5   i,'*   ^   1  , 

8  r  eff  4iT  1    j/LJ.  ,2i)  +  -1(4^  3.i)\dv 
\=  %-YÏS^l^mj\  NÇ^  3y      ^     3y         v  ] 
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RESULTS  and  DISCUSSION 

The  électron  energy  distribution  functions 
in  neon  are  computed  from  the  présent  theory 
in  a  range  of  E/N  from  141.3  to  1130  Td  for 
a  steady  state  condition.       Figure  1  and  2 
show  each  term  of  the  energy  distribution 
functions      (  ^  )  = -^"^     )  as  a  parameter  of 
E/N.       Also  shown  in  thèse  figures  are  the 
results  of  the  usual  two  term  Lorentz 
approximation  for  comparison.     The  validity 
of  the  Lorentz  approximation  will  be  judged 
from  the  direct  comparison  between  them. 

The  swarm  coefficients  derived  from  the 
présent  distribution  functions,  especially, 
longitudinal  and  transverse  diffusion 
coefficients  are  exhibited  in  figure  3. 
It  is  f ound  that  the  graduai  increase  of  the 

^nisntrony  with  the  increasp  of  E/N 

»  T-         -T  1  -t  ,  , 


Figure  1.   Theoretical  isotropic  and 
anisotropic  parts  of  the  distribution 
function  for  E/N  of  282.5  Td    in  neon 

 :three  term  approximation 

 : Lorentz  approximation 


Q03- 


"■-0.01^- — ^  ■  — 

Figure  2.   Theoretical  isotropic  and 
anisotropic  parts  of  the  distribu1;ion 
function  for  E/N  of  706.3  Td   in  nepn 

 :three  term  approximation 

 : Lorentz  approximation. 


E/N    (    Td  ) 


Figure  3.  Longitudinal  and  Transverse 
diffusion  coefficients  in  neon  derived 
from  the  présent  distribution  functions. 
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MONTE  CARLO  SIMULATION  OF  ELECTRON  AVALANCHE  IN  HYDROGEN 


M.  Hayashi. 

Nagoya  Institut  of  Technology,  Nagoya  Japan. 
m  récent  conférence  pa^s,  we  described  a  MCS 
of  the  behaviour  of  électron  swarrns  and  the  proper- 
ties  of  back  scattering  of  électrons  to  the  cathode 
in  a  low  pressure  hélium,  argon^Ud  nitrogen2)gas 
under  the  influence  of  a  uniform  electric  field. 
The  properties  of  électron  avalanches  in  hydrogen 
were  studied  using  a  same  MCS  technique  at  ratios 
of  the  electric  field  intensity  to  the  gas  nunter 
density  E/N  of  fran  atout  3  to  3000  Td. 

Folkard  and  Haydon^)  Tagashira  and  his  groupé) 
Saelee  and  Lucas^)  HunterS)  slevin,  et  al^lhave 
used  M=S  to  study  the  électron  swarm  transport  para- 
itieters  in  hydrogen. 

The  isotropic  scattering  is  assumed  by  using  the 
nonentum  transfer  elastic  collision  cross  section 
q^.    The  good  agreen^t  of  swarm  parameters  are 
œnfinred  betveen  isotropic  scattering  model  using 
q^and  anisotropic  scattering  model  using  q^,  where 
is  the  total  elastic  collision  cross  section4) 
The  detentùnation  of  a  set  of  collision  cross 
sections  were  very  ùrîX)rtant  to  get  the  good  resuit- 
■r^KT^jK_Enerqv^^   of  Hydrogen  


s  of  wide  range  of  E/N,  and  we  must  determined  the 
values  of  q  of  the  électron  energy  range  up  to  1000 

8) 

The  q^  used  was  that  obtained  by  Crompton,  et  al 
and  covers  the  range  fron  0  to  2  ev.    For  the 
région  3  to  75  ev,  the  q^  obtained  by  Srivastava, 
et  al9)was  used,  and  for  the  région  100  to  1000  ev, 
we  calculated  q^ f rom  the  data  of  DCS  of  Fink,  et 
al^P)  And  finallythese  data  were  connected  smooth- 
ly  on  a  curved  line. 

The  récent  calculation  of  electronic  excitation 
cross  sections  qc  for  singlet  and  triplet  states  of 
Chung,  et  al^^^d  Prok,  et  al^^ere  used,  and  extra- 
polated  to  1000  ev  smDOthly.    We  enployed  qe  of  ten 
levels,  and  could  neglectthe  values  of  q^  of  the 
other  levels  that  they  are  one  or  two  order  small. 
Thèse  values  are  shown  in  Table  1  and  Fig.  1  to  3  . 


d'7[„ 


11.37 
11.87 


13.36 
13.70 
13.97 
14.12 


0.0439 
0.0727 


0.  56 

0.09 

0.24 

0.076 
0.068 
0.038 
0.034 
0.012 
0.972 


In  this  MCS  we  must  allowed  for  the  values  of  q» 
in  order  to  agrée  with  the  expérimental  data  of 
ionization  coef f . U  .    Thèse  corrections  were  q, (b'ZI) 
X0.6,  qe(c^n)  5^0.4,  qe(c'ïï)X0.8.    The  calculated 
values  were  alirost  consistent  with  Rose 's  values  13) 
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up  to  E/N=  3000  Td,  which  were  alnost  coincide  with 
our  preliminaly  expérimental  values. 

Fig.  4  showed  the  values  of  électron  drift  ve- 
locity  W.  At  low  E/N,  the  calculated  values  were 
larger  than  the  expérimental  data. 

The  transmission  coeff .  vs  E/N  were  shown  in  Fig. 
5  and  œmpared  with  our  expérimental  results.  Good 
agreements  were  obtained  if  the  reflection  coeff. 
of  our  gold  film  cathode  was  about  0.3.  The  back 
scatterings  are  the  phenomena  of  non-equilibrium 
région,  so  MCS  techniques  are  one  and  only  method 
to  describe  the  characteristics . 

The  conputer  FACOM  M-200  of  the  Inst.  of  Plasma 
Physics,  Nagoya  Univ.  is  used. 


ic5" 

Fig. 
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Fig.  5.    Transmission  coefficient  vs  E/N. 
MCS  were  carried  out  by  only  100  samjjles 
of  électrons  at  each  points,  so  data  were 
scattered.    R  is  the  reflection  coefficient 
of  électrons  from  the  cathode. 
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INFLUENCE  OF 


PERTURBATION  ON  POPULATION  PROCESSES  OF  4p  ARGON  LEVELS 
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Beograd,  Yugoslavia. 


Population  of  argon  4p  levels  in  a 
decaying  plasma  was  found  to  be  predominan- 
tly  due  to  the  dissociative  recombination 
of  molecular  argon  ions^^^^^^  This  sé- 
lective process  of  population  was  sugges- 
ted  by  Lorents^^^  although  no  spécial  di- 
fférence between  the  various  4p  levels  has 
been  pointed  out. 

An  attempt  was  made  in  this  study  to 
develop  the  4p  levels  population  problem 
further.  For  this  purpose  four  spectral 
lines  were  selected  and  their  intensities 
were  monitored  in  a  DC  régime  as  well  as 
during  the  decay  of  a  perturbed  argon 
plasma.   Rather  interesting  behaviour  of 
population  densities  for  the  various  per- 
turbation energy  was  found,  although  the 
linear  dependence  of  population  on  the  gas 
pressure  was  recorded.  Highest  4p  level 
(upper  level  of  the  7  503,37  8  line)  was 
practicaly  under  ail  conditions  more  popu- 
lated  in  decaying  plasma,  what  was  not  the 
case  for  the  lower  lying  upper  level  of 
8115,31  S  line. 

Experiment.  The  main  discharge  was 
driven  between  the  water  cooled  électrodes 
in  a  spécial  U-shaped  tube.  Part  of  the  po- 
sitive column  of  4.5  cm  length  was  pertur- 
bed by  an  electric  puise  applied  to  two 
ring  électrodes  immersed  in  the  plasma. 
Short,  approximately  3  ns  puises  were  sup- 
plied  in  a  répétitive  fashion  from  the 
Blumlein  line  of  capacitance  2130  pF.  The 
line  was  charged  to  5,   6  and  8  kV,  what 
gives,  supposing  about  80%  of  energy  is 
transfered  to  plasma,  the  values  of  per- 


levels  of  argon,  four  spectral  lines  were 
selected:   two  of  them  originating  from  tran- 
sitions between  primed  levels   (7  503,37  8 
and  7948,13  %i  corresponding  transitions  in 
the  Pashen  notation  are  lS2-2Pi  and  ls^-2p^) 
and  also  two  from  the  other  set  of  levels 
(7514,65  8  and  8115,31  S  from  transitions 
ls,-2p,  and  ls5-2pg) .  Energy  différence 
between  highest  2p,  and  lowest  2pg  levels 
is  3260  cm"^  or  0.404  eV. 

Short  perturbation  puise  applied  to  a 
plasma  will  cause  initialy  a  rapid  line 
intensity  enhancement.  This  f irst  peak  la- 
sted  for  some  tens  of  nanoseconds  Ail  the 
lines  from  4p  to  4s  transitions  have  a  se- 
cond intensity  max-imum,  0.5  to  1  us  later 
depending  on  the  pressure^  K  Intensity 
measurements  were  done  at  the  second  maxi- 
mum. Typical  results  for  population  of  the 
four  levels  in  relative  units  versus  pre- 
ssure with  perturbation  energy  as  a  para- 
meter  are  given  in  figures  1  and  2 . 


turbation  énergies  2 . 2 • 10  ^ ,  3.1*10 
5.6-10'^  Joule.  Continous  flow  of  the  spec- 
troscopicaly  pure  argon  was  sustained  at 
16  liters  per  minute.  Spectral  lines  were 
selected  by  Zeiss  SPM  2  monochromator  and 
recorded  using  EMI  9569B  photomultiplier 
directly  coupled  to  Tektronix  7704  oscillo- 
scope, or  for  DC  régime  to  galvanometer . 

Results.  in  order  to  find  the  more 
detailed  information  on  population  of  4p 


and 


Figure  1 
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Figure  2. 

Rations  of  populations  of  highest  2p^ 
and  lowest  2pg  levels  for  DC  plasma  and  for 
the  perturbed  plasma  versus  pressure  are 
given  in  figure  3,   perturbation  energy 
being  a  parameter. 


  7503,87  A 
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While  the  population  densities  of  2p^  level 
in  the  whole  pressure  range  are  higher 
than  in  DC,  population  of  low  2pg  level 
reaches  the  DC  population  just  at  higher 
pressure  and  maximum  perturbation  energy. 

Ratios     of  DC  to  puise  population  pre- 
sented  in  figure  3  reveals  clearly  that 
the  high  2p^  level  is  practicaly  always 
more  populated  in  a  decaying  plasma.  There 
are  probably  the  favourable  conditions  for 
molecular  ions  formation  under  thèse  con- 
ditions. Comparison  of  population  densi- 
ties of  ail  the  2p  levels  observed  in  a 
decaying  plasma  shows  that  2p^  level  be- 
comes  the  hoghest  populated  level  in  the 
case  of  10  Torr  pressure  and  high  pertur- 
bation energy,  although  in  ail  the  other 
cases  the  2pj^  level  population  is  prédo- 
minant . 
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As  is  well-known,  the  excitation  tem- 
pérature, which  is  determined  £rom  the  pop- 
ulation distribution  o£  excited  atoms  in  a 
plasma,  is  not  always  equal  to  the  électron 
température  related  to  the  thermal  motion 
o£  électrons.     The  discrepancy  between 
thèse  two  températures  is  caused  by  vari- 
ous  effects  /1.2.3/.     Recently,   it  was  re- 
ported  that,  in  an  expanding  jet  o£  plasma, 
the  électron  density  decreases  quite  rapid- 
ly  along  the  flow  and  that  the  excitation 
température  di££ers  markedly  £rom  the  élec- 
tron température  /4/.     When  the  variation 
o£  the  électron  density  is  too  rapid  £or 
the  population  o£  the  excited  atoms  to  £ol- 
low.  the  plasma  may  not  remain  in  thermal 
equilibrium.  resulting  in  the  di££erence  o£ 
the  excitation  température  £rom  the  elec 
tron  température. 

In  this  report  the  in£luence  o£  elec- 
tron-density  variation  on  the  excitation 
température  will  be  investigated.     For  this 
purpose.  it  is  necessary  to  examine  the 
variation  o£  the  population  distribution 
of  excited  atoms.  when  the  electron-density 
variation  is  given  as  a  function  of  time. 
Here  we  shall  consider  a  hydrogen  plasma, 
and  the  density  of  atoms  Np  in  the  excited 
State  p  is  assumed  to  be  described  by 

dN 

— ^  =  N^:2N  K(q.p)    -  HNqACq.P) 
dt  ^       ^  ^ 

+  Ng^K(c,p)   +  Ng2p(p) 

-  N  {Ng[i;K(p.q)+K(p.c)]  +  5:A(P.'l)} 


where  N     is  the  électron  density.  The  co- 
efficient K(p,q)   is  the  rate  of  collision- 
al  transition  from  state  p  to  state  q, 
K(p,c)   is  the  électron  impact  ionization 
rate  from  state  p,  and  K(c,p)   is  the  colli- 
sional  recombination  rate  to  state  p. 
Thèse  coefficients  are  evaluated  from 
Drawin's  formulae  for  the  cross  sections 
of  excitation  and  ionization  due  to  élec- 
tron collisions  /5/  and  the  principle  of 
detailed  balance.     The  results  are  in  good 
agreement  with  those  of  Kunc  and  Zgorzelski 
/6/.     The  radiative  recombination  coeffi- 
cient p(p)  to  state  p  is  evaluated  from  the 
well-known  photo-ionization  cross  section 
and  the  Milne  relation  /7/.     The  sponta- 
neous  transition  probability  A(p,q)  is 
found  in  référence  8. 

Now  let  us  consider  a  plasma  which  is 
in  equilibrium  for  t  <  0.     At  t  =  0 ,  the 
électron  density  begins  to  decrease  expo- 
nentially  with  time  as 

NgCt)   =  Ng(0)exp(-t/tQ) 

where  N   (0)   is  the  initial  électron  densi- 
ty and  tQ  is  the  decay-time  constant  of  the 
électron  density.     The  électron  température 
T     is  assumed  to  remain  constant. 
^      A  few  results  of  the  numerical  calcu- 
lations  are  shown  in  in  Figs.   1-4.  In 
thèse  figures  the  population  distribution 
and  the  excitation  température  are  plotted 
against  the  ionization  energy  of  excited^^ 
States  at  the  time  t  =  tg  for  NJO)  =  10 
cm-^  and  t^  =  0.01,  0.1  and  1  ^s.     The  ex- 
citation température  T^^  was  determined 


from  the  Boltzmann  plot  by 
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Fig-   1     Excitation  température  for  T  = 
5000K  and  N  (0)   =  lo^''  cm"^.^ 


w  lonization  energy  (eV) 

Fig.   3    Excitation  température  for  T  = 
lOOOOK  and  N  (0)   =  10^"^  cm'^^ 


lonization  energy  (eV) 
Fig.   2     Population  distribution  of  excited 
atoms  for  T     =  5000K  and  N  (0)  = 
Tnl4      -3     ®  ^ 


lonization  energy  (eV) 

Fig.  4     Population  distribution  of  excited 
atoms  for  T^  =  lOOOOK  and  N  (0)  = 
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STATIONARY  AFTERGLOW  STUDY  OF  THE  SINGLY  CHARGED  ATOMIC  IONS  IN  PURE  AR  AND  KR 


M.  Grossi,  H.  Helm,  M.  Langenwalter  and  T.D.  Mark. 

Institut  f.  Experimentalphysik,  Abt._  F.  exp  Ker 
A  6020  Innsbruak,  Osterreiah  (Austrza). 


INTRODUCTION  ;   The  transport  phenomena  and 
reaction  mechanism  of  rare  gas  ions  in  their 
parent  gases  have  been  studied  with  différent 
techniques  by  a  large  number  of  investigators .■ 
The  quantitative  knowledge  of  transport  data 
have  been  improved  enormously  by  means  of 
précision  drift  tube  experiments  so  that 
théories  including  fine  structure  phenonena 
may  be  tested. 

Nevertheless,   the  undersianding  of  the  reaction 
mechanisms  is  still  poor.  For  instance  in 
argon  values  given  in  the  literature  for  the 
effective  3-body  reaction  rate  coefficient 
for  the  conversion  of  the  singly  charged 
atomic  ion  into  the  dimer  ion 
(1)  Ar'^  +  2  Ar  Ar2'^  +  Ar 

scatter  between  0.6  -lO-^i  and  4.7  •  lO'^ lon&s-i. 
Hyatt  and  Knewstubb  19  72  and  Liu  and  Conway  1975 
attributed  an  observed  ananaly  in  the  reaction 
behaviour  of  the  atomic  argon  ions  to  the 
présence  of  ions  in  the  two  fine  structure 
States,   the  ground  state  Ar^ (^P3/2) and  the 
metastable  state  Ar+(2p^/2^.  A  definite 
différence  in  reactivity  of  the  two  fine 
structure  states  of  Ne"*"  and  Kr"^  in  their 
parent  gases  could  be  observed  experiinentally 
in  swarm  experiments  by  Helm   and  Elf ord  197a 
As  a  conmon  évidence  ail  mentioned  investigators 
observed  a  much  lower  destruction  efficiency, 
due  to  reactions  for  the  metastable  ionic 


-  und  Plasmaphysik,  Leopold  Franzens  Universitàt, 

state  than  for  the  ground  state  ion.  In 
addition,   a  strong  dependenœ  of  the  metastable 
ion  population  on  the  neutral  impurity 
concentration  has  been  observed.  Hcwever  only 
one  quantitative  expérimental  resuit  about 
the  reactivity  of  the  ^P^^2^°"  state  is 
reported  so  far.  Liu  and  Conv.'ay  19  75  report 
an  upper  limit,  because  they  cannot  totally 
exclude  side  reactions  with  impurities  for 
the  destruction  frequency  of  Ar'^(^P^/2'  ^ 

EXPERIMENTAL  METHOD  AND  RESULTS :   The  ions 
were  produced  in  a  pulsed  hollow  cathode  glcw 
discharge  and  monitored  with  a  mass  spectro- 
meter  as  a  function  of  time  as  described 
elsewhere  (Langenwalter  et  al. 1977).  Careful 
attention  was  payed  to  minimize  the  inpurity 
levai  in  the  gases  used.  Measurements  have 
been  made  at  neutral  gas  pressures  between 
0.3  and  3  Torr  at  297  K. 

In  Ar  two  différent  exponential  decays  of 
the  Ar"'"-signal  could  be  observed  at  reduced 
gas  pressures  higher  than  1.6  Torr,  as  is  shcwn 
in  Fig.1  for  instance.  From  the  measurements 
at  low  gas  pressures  (<1.5  Torr),  whereonly 
one  exponential  decay  has  been  observed,  a 
value  for  the  zéro  field  mcbility  of  1.55  cm^/Vs 
could  be  deduced  in  very  good  agreement  with 
drift  tube  data.  Using  this  value  effective 
3-body  rate  coefficients  for  ail  pressures 
are  calculated  and  plotted  versus  gas  pressure 
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(Fig.2)  in  a  semi- logarithmic  diagram,  The 
full  dots,  which  are  related  either  to  the 
single  exponential  decay  mode  or  at  high 
pressures  to  the  fast  decay  during  the  early 
afterglow,  lie  betweeh  ±10%  of  a  mean  value 
of  the  rate  coefficient  of  2 . 4' 10~3 ^ cm^ s" ^ . 
Evidently  this  loss  rate  corresponds  to  the 
conversion  process  (1)  of  the  ^"^-^j^  ground 
State  ions.  The  open  circles,  corresponding 


Fig.  1  Measured  time  dépendent  Ar  ion  current  at 
high  pressures:  The  double  exponential  decay 
curve  for  instance  at  p^  =  2.31  Torr. 

to  the  slow  decay  at  high  pressures,   show  a 
very  strong  pressure  dependence.  This  slow 
decay  period  in  the  late  afterglow  may  be 
dominated  by  reactions  of  Kr^  {^V  ^^^)  ions 
for  which  Helm  and  Varney  19  78  proposed  a 
reaction  model.  For  their  model  the  effective 
3-body  rate  coefficients  versus  pressure  are 
shown  by  the  full  line.  From  the  pressure 
behaviour  observed  in  the  présent  experiment 


Fig. 2  Effective  3-boây  rate  coefficient  as  a 

function  of  gas  density  or  pressure,  calcu- 
lated  fron  the  f irst  (  •  )  and  the  second  (  o ) 
decay  period  of  the  ineasured  decay  curves. 
Pressxire  dependence  predicted  by  Helm  and 
Varney  for  the  metastable  ion  state. 


we  suspect  an  additional  production  process 
by  neutral  metastable-metastable  collisions. 

The  situation  in  Kr  is  siinilar  to  Ar.  The 
derived  reduced  mobility  value  is  0.9  on^/Vs. 
A  3-body  rate  coefficient  of  2  .  5  •  10~3lcm^  s"! 
for  conversion  of  the  ground  state  ion  into 
the  molecular  ion  has  been  obtained. 
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ATTACHEMENT  AND  ION  MOLECULE  REACTIONS  IN  SF,  N 


M.  Abdel-Salam  *and  J.L.  Moruzzi. 


the  relative  abunaancea  of         f  gatl«_ 

95/o  of  the  total,  with  abou^  5%  SF..  ^or 
values  of  e/P  >(E/P)lim  the  value  8f  SP^ 
SP"    begins  to  increase  with  E/P.  ine  ûr^ 
an§  spf  îons  are  produced  bythe  proce8s^ 


Therefore,  if  this  is  the  case,  the  pub- 

Sï1o:?kJL^^t:^u^aSs^a-^er^f^ue3 

/8/  of  Tl/P. 

[sp-  +  s?-] 


SP,  +  e^£ 


(1) 


The  branching  ratio  was  found  to  be  about 
ir^A  varu:rg°rea?^r-than  (E/P)lin.,  SP; 
wL  assumed  to  start  its  conversion  int8 
Sp-  by  the  process  /2/: 

5       sp-  ^  sFg        SP;  +  P  SPg  (2) 
Tn  this  report,  the  négative  ion  species 

-^r^^^-^^irtfinirg^fprras^Seir^sîuiifr 

rBÎnrrdr?ft^tSbe\asi  spectro.eter  /3/. 
rrSlwtl"'nix;iu?:r'°fïï;  mam  gas  flow  to 

r/J/faffhrgerSrerthfr^i^ro!:.!  voit/ 

Ff^Ii-i/°a^r^?r'BrScî:asinr-e- 

detected,  SP^  ^JJ^d  ^o  the  bulk  nitrogen 


d(SP^)  =  T).dx.Ng(x),  i.e. 

I  (l  -  exp(-TiL)) 


(3) 


where  t)  is  for  SP..  Hence,  Ti/Pg^    can  be 
*!  Herë  P  deiotes  tbe  SF,-pres3ura  and  Pj 
tlmated  value  of  Via   /î?hut  verv  muet 
è  ÎSaf  r.lf  ^?^cfepaS?rcli  -  ^Ipî  d 
Sggelt?ng  that  detachment  existe  in  SP^. 


1 


Pig.1.  Total  ions  in  ^he  mixture  at 
différent  values  of  E/P^  witn 
small  additions  of  Si  g. 
The  SP7  and  SP"  ions  at  low  E/P^  (<  (^/^t ^ 
lll'l^  S^6/?2  -,r-^reeKJtCitr;revïous 
^.ras^rr^lnl^)^/^^  wS^a  branching  ratio 

diêts  the  conversion  process  given  by 
équation  (2). 
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Pig.2.  Ti/P  for  SP.  in  its  mixture 
with  nitrogen. 

b )  SFg/N^O  mixtures   :  The  main  gas  f low  to 
the  drHTx  tube  was  the  nitrous  oxide  to 
which  was  added  a  titrant  flow.  The  titrant 
flow  was  SP^/N„0  mixture  with  17/760  SP^ 
content.       °  ^ 
Under  thèse  conditions,  seven  ions  were 
detected,  N  02,0.,N2  02,N0~  and  NO"  from  N„0 
against  SP^^and  SP^  from  SP,-.  By  increasing 
the  amount  of  SPg  ëdded  to  the  'bulk_NpO  gas 
the  ion  current  Ig-p-  from  SP,   (ZSP^+  SP^-) 
increases  on  the      6  expence  of  that  I,,  n- 
(Z:  N3O2+O.+N2O2+NO2+NO"),  Pig.  3.  2^^ 
In  an  investigated  scheme,  the  reactions 
leading  to  the  formation  of  the  négative 
ion  currents  Iqp-,   I^t  r.-  are  given  as 
follcws:  ^2° 

e  +  N2O   -21»  N^O"  attachment 
lÎ20"+SPg  ^  SPg+  N^O  charge-transf  er 
e  +  SPg  SPg  attachment 

By  solving  the  équations  which  relate  the 
density  of  the  ions  [N20~Jand   [SP7]  ,  one 
obtains  the  currents  IjTgn-  a^'^  ^SP~* 
possible  to  obtain  reasoflable  fit  6  to  both 
the  currents  Irr^Q-  and  lop-,  Pig.  3  on 
choosing  the  coerf icientg  o^^-  =0. 1  ,  o<,=500.0 
and    c<=l5.0  ^ 
The  high  value  of    ^  in  comparison  with  ex- 
as  well  as  the  very      high  value  of  ' 
give  an  évidence  which  indicate  that  the 
large  attachment  coefficients  observed  in 
SP^^/NpO  mixtures  is  not  due  complex  ion- 
molecule  reactions  Isl,  but  can-  be  accoun- 
ted  for  entirely  by  direct  électron  attach- 
ment to  the  SPg  component  of  the  mixture. 
Conclusions  :  Within  the  range  of  the  pré- 
sent measurements ,  ti/P  for  SP^  assumes  high 
values  than  those  published  and  do  not  in- 
voke  a  detachment  mechanism  into  account. 


arbitrary  units 


Pig. 3.  Ion  currents  in  the  mixture 
with  small  addition  of  SP^. 
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DISSOCIATION  OF  WATER  VAPOUR  IN  THE  HOLLOW  CATHODE  GLOW  DISCHARGE 
B.  Nehmzow,A.  Rutscher,  H.E.  Wagner. 

Sektion  Physik/Elektonik,  E.M.  Arndt-Universitàt  Greifswald,  D.D.R. 


INTRODUCTION :During  the  last  years  much 
•:^ttention  was  given  to  the  qualification 
of  dSfeïent  types  of  electrical  dischar- 
les  for  plasma  chemical  reactions.To  real- 
ize  e. g. dissociation  processes  under  non- 
isothêlmal  conditions  the  well-known  hol- 
îoï  caïh^de  glow  discharge    HCGD)  shows  - 
some  favourable  properties.Mainly  thèse 
properties  can  be  attributed  to  fast  beam 
électrons  accelerated  in  the  cathode  dark 
Iprcefsome  -w  paperB/l//2/  3/had  already 
proved  the  facilities  of  the  HCGD  lor  the 
décomposition  of  différent  substances. In 
the  following  more  systematic _ results  on 
the  production  of  hydrogen  origenated  from 
water  vapour  are  given/4/. 
^.XT'ERIMEUTAT.  ARRAEGEKEMT(Fig.  1  )  iThe  water 
vapour  produced  by  a  calibrated  evapora- 
tor  flows  through  the  HCGD(diameter  8ram) 
and  is  analysed  by  a  gas  chromatograph.  A 
spécial  piston  compresser  provides  for  the 
required  high  pressure  at  the  entry  of  the 
gas  chromât ograph.To  study  the  influence 
of  the  cathode  wall  various  materials 
could  be  inserted  in  the  device. 
RESULTS  AY^T)  DISCUSSION  :  In  dependence  on 
the  essential  opération  parameters  (pres-^ 
sure  p/torr;power  U/W;gas  flow  rate  v/lh" 
at  normal  conditions)  the  H2-portion  x^^ 
behind  the  HCGD  was  measured  systematic- 
ally.Some  resuite  (obtained  with  a  copper 
cathode)  are  shown  in  Pigs. 2. . . 5. It  could 
be  noticed  that  high  décomposition  rates 
can  be  achieved. According  to  the  gross 
reaction  :2H20        ZK^+O^  the  maximum  port- 
ion of        could  be  66,7  vol.%  at  the 
outlet . 

Of  considérable  interest  is  the  fact  that 
with  regard  to  the  reciprocal  flow  rate 
l/v(Fig.2)and  the  power  U(Pig.3)  at  high 
parameters  liminal  values  are  reached.In- 
dependent  of  the  flow  rate  at  high  dis- 
charge powers  an  equilibrium  state  appears 
which  is  in  the  case  of  Pig.3  about  30vol55 
The  adjustment  of  such  an  equilibrium 
state  seems  very  typical  for  a  wide  class 


of  non- isothermal  plasma  chemical  react- 
ions and  should  give  some  hints  to  under- 
stand  the  kinetic  background  of  the  con- 
version.Of  course  the  exact  kinetic  me- 
chanism(the  totality  of  ail  elementary 
processes)is  very  complicated, even  in  the 
case  of  simple  substances.  A  suitable 
kinetic  description  should  collect  many  of 
thèse  différent  elementary  processes  and 
should  f inally  resuit  in  a  clear  formula 
for  the  calculation  of  the  quasi  equilib- 
rium state  mentioned  like  a  mass  action 
law. 

In  the  frame  of  an  overall  or  "macroscop- 
ic"  kinetics  E.N.EREî.îIN  described  plasma 
chemical  reactions  by  the  model  of  the  so- 
called  "kinetic  curve"/5/.The  governing 
discharge  pararaeter  in  this  model  is  the 
spécifie  energy  U/v.But  frequently  the 
other  parameters  of  the  analytic  kinetic 
curveCthe  rate  constants  of  the  gross  re- 
action)are  functions  of  U/v,too  and  no 
generalization  is  possible  in  such  a 
case . 

We  start  from  a  balance  équation  of  the  H2 
génération  which  takes  into  account  one 
production  term(directly  proportional  to  U) 
and  three  loss  terms(one  independent  of  U, 
one  directly  proportional  to  U,  and  one 
relating  to  the  loss  due  to  the  flow  rate): 
V  -  ^Vo^Hx  "  ^V>i"^Hi  -'^H-a.  =  ° 
The  solution  is  :  ^^1%/ ^ïixoo  "  •Z'h'rT. 
with  z=ky^U/(ky^+v)  and  Xj^.^  =  k^/ky^. 
The  systematic  analysis  of  the  expériment- 
al values  shows  that  this  clear  formula  is 
in  the  position  to  comprise  analytical  ail 
the  measuring  points. The  parameters  kg,  k^^, 
\     k^^  are  real  constants(for  constant  press- 
ure )although  the  power  U  changes  by  the 
factor  250  and  the  flow  rate  v  by  the 
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factor  25. The  curves  in  Fig.2...5  are  cal- 
culated  ones  using  the  k- values  shown.That 
the  power  D  can  act  as  a  governing  para- 
meter  is  indicated  by  some  résulta  belong- 
ing  to  other  discharge  opérations.  Pig.5 
relates  to  an  impulse  opération  of  the 
HCGD(f :duration  of  the  current  impulse). 
Décisive  for  the  rate  of  the  production 
is  the  (mean)power  of  the  discharge  again. 
This  was  also  the  case  for  a  condensed 
discharge  as  some  preliminary  expérimenta 
showed. 

Pig.6  contains  the  influence  of  différent 
cathode  materials  on  the  production. 
There  is  a  distinct ly  marked  effect  which 
can  be  understood  if  the  essential  process 
of  the  H2  production  is  the  recombination 
of  H  atoms  at  the  cathode  surface.  Large 
recombination  coeff iciente(e.g.Al/Al202 : 
0.3/0,45)  give  high  portions  of  sraaller 
ones  (e.g.Cu:0,1  and  Cu-net  on  glass)  act 
invers ely. 
REFERENCES: 

/I /BUTYLKIN, I. P. et . al. 1 3th  ICPIG, Berlin 

1977, p. 377. 
/2/METYEL,A.S.,NASTYKHA,A.I.,  13th  ICPIG, 

Berlin  1977, p. 379. 
/3/MARK,T.D.,Acta  Physica  Auetria 

49(1978)67. 
/4/NEHMZOW, B. , WAGNER, H, E. , Report  1 977/78, 

Greifswald, p.41 . 
/5/EREMIW,E.K.,Elementy  gazovoj  electro- 

chimi,Moskau  1968. 


gaschroma  tograph 


Pig.1 


■t/^      pulsed  HCGD 
v=3...0.12l/h 
f-500  s"'  r.lO'^s  U-24.5W 


Plg.5 


Colloçue  C7    supplément  au  n^? ,  Tome  40,  Juillet  1979.  vage  C7- 
OURNAl  DE  PHYSIQUE  Colloque  tr,  supp 
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Abs tract. - 

In  the  developinf  research  of  plasma  diag- 
nostics It  Is  necessary  to  know  the  cross-sectlons 
for  many  atomic  processes  to  detert.iine  tue 
température  and  population  densitles  in  statlonary 
or  tlme-dependent  plasmas.     Tue  main  difflculty  in 
calculating  atordc  cross  sections  is  due  to  the 
wavefunctlons  of  the  ator.i.     U'e  suggest  a  technique 
to  overcome  this    difflculty  by  using  "effective 
Feynman  diagrams'^     This  technique  is  illustrated 
oy  obtainlng  a  simple  relation  between  the  cross- 
sections  of  électron  impact  excitation 
(e  +  A    ^  e  +  X  )  and  résonant  photon  absorption 
(hV  +  X    ->■  X  ).     The  relation  reads. 


a(e+X, 


+X  ) 


2 


In  Y 


where  a  =  1/137,  mc^  is  tue  électron  rest  energ> 
^  is  the  Linetic  energy  of  the  incomtng  electror 
I      -  the  excitation  enerpy,  -  the  natural 

widtii  and, 

,   I 


a(hv+X    ^  '^J^^ 


Impressive  agreement  with  experiment  is  found  for 
transitions  widely  différent  in  nuclear  charge, 
degree  of  ionization  and  atomic  levels.  An 
explicit  expression  for  the  électron  Gaunt  factor 
is  given. 

ïhe  technique  developed  in  this  paper  is  a 
breakthrougn  in  calculating  the  various  electron- 
ion  and  ion-ion  scattering  cross-sections  and 
the  corresponding  rate-coefficients. 
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N  (^D,  V)  METASTABLE  ATOMS  PRODUCTION   IN  A       D.C.  GLOW  DISCHARGE. 
G.  Cernogora,  G.  Gousset,  A.  Ricard. 

Latoratoi.e  de  Physique  des  Ga.  et  des  Plasmas,  Bat.  212,  Université  Paris  Sud  9140,  Orsay,  France. 


1 )  Introduction 

The  N  (^D-^P)  metastable  species  are  of  a 
peculiar  interest  in  the  plasma  chemistry  proces- 
ses with  nitrogen,  for  example  the  reaction  : 
N  (^D-^P)  +  0^         N  0  +  0.  Concentrations  of 
N  (V^P)  have  been  previously  measured  by  Lin- 
Kaufman  [l  ]  in  microwave  discharges  in  order  to 
study  the  quenching  reactions  N  (  D-  P)+  molécules, 
The  overall  production  rates  of  thèse  atomic 
metastable  species  by  électrons  collisions  are  not 
known  at  the  présent  time.  Only  some  cross  sections 

for  the  excitation  of  NI  spectral  Unes  are  known. 

In  the  présent  study  we  plan  to  détermine  the 

exci^tation  ratea  of  N  C^D-^P)  by  électron  colU^ 

sions  in  a        glow  discharge. 

2)  Expérimental 


The  spectral  Unes  NI    h=  1A92.6  A  and 

=  1742.7  Â  have  been  chosen  to  détermine  tl 
N  (^D)  and  N(^P)  concentrations.  The  Mitchell  - 


Zemanski  [2]  method  has  been  used,  the 
incident  line  broadening 


.effi 


oC  = 


.1  line  broadening 
:ulating  the  Dopple 


been 
and  natural 

broadenings  in  the  source  and  the  absorption  tube. 
Températures  are  evaluated  from  the  rotational 
structure  of  the  second  positive  N^  band, 

h)   =  3371  A.  We  have  found  a  mean  température 
of  500  "  K.  Calculating  the  metastable  Concentra- 
tions from  the  absorption  measurements  we  have 

Lto  account  the  fine  structure  of  NI  lines 

and 

absorption  length  L  =  50  cm  and  a  tempera 
T  =  500°  K  are  shown  in  fig.  2. 


:en  into  account  the  fine  structure  ot  Ni  iineb 
1  the  instrumental  hroadening  p  ]  (diaaymetrlcal 
,file  with  5^1/2  =  1.3  A).  The  results  for  an 


The  expérimental  arrangement  is  shown  in 
fig.  1.  A  N2  d-c  glow  discharge  is  produced  in  a 
2  cm  diameter,  50  cm  long  pyrex  tube.  Pressure  is 
varying  from  0.5  to  1.5  Torr  and  discharge  current 
from  1  to  50  mA.  The  N  (^D-^P)  concentrations  are 
measured  by  optical  absorption.  The  optical  source 
is  a  Penning  discharge  in  nitrogen  emitting  stron- 
gly  the  NI  spectral  lines.  The  spectral  lines  are 
analysed  by  means  of  an  U.V.  (Jobin-Yvon  ASM  50)^ 
spectrometer  with  a  resolution  limit  <^  h=  1.3  A 


40        60  80 
Al  (Vo) 


100 


been 


Concentrations  of  N  (  D,     P)  metastabl 
detentiined  as  functions  of  the  discharge  current 
for  a  given        pressure.  For  1^10  m  A,  densitie 
increase  linearly  with  current. 
In  the  range  10^<50  mA  the  metastabl 
tions  are  nearly  saturated. 


)n  centra- 


il-  60 


At  0.7  Torr,  I  =  50  m  A,  the  saturated  valui 

0^°cn,-3 

nJO_  -3 


n  (^D) 
n(^P) 


7  (±  ].5)  : 
12.5  (  1  2.5) 


10^' 


3)  Discussion 

In  stationary  conditions,  i 
table  concentrations  are  givei 


:ions  of  metas- 


m/j^        o    M         e  M 

where  : 

~  ï^xi  »  11/^  >  n    sre  the  concentrations  of 
M        0  e 

N  (2d  -    P)  metastables,  N    neutrals  and  électrons. 
M 

-  C     is  the  excitation  rate  by  électrons 

(C^     =  V  ''^      ^e/'  ;     ^    excitation  cross 
section  and  we  électrons  velocity)C^  and  C°  are 
the  destruction  rates  by  électrons  and  molécules 

-  "^^y^  frequency  of  metastables  diffu- 
sion and  destruction  on  the  tube  wall,  A  = 
for  a  Bessel  fundamental  diffusion  mode 

(R  tube  radius).  The  électron  concentrations  have 
been  measured  using  a  résonant  cavity 
(TM  020  mode).  In  the  présent  case,  the  shift  of 
the  résonant  frequency  ^  ^  (with  and  without 
plasma)  is  related  to  the  électron  density  by  the 
numerical  relation  : 


(c: 


) 


10     Z  ^  (M  H  ) 


For  I<;_20  m  A  and  p<J  Torr,  we  have  found  that 

the  électron  density  is  linearly  dépendant  of  the 

current  :  ne  =  bl.  Since  metastables  are  also 

linearly  dépendent  of  the  current  for 

1^10  m  A  :  n    =  a  I,  we  can  deduce  that  the 
n 

de-excitation  by  électrons  (n^  C^^)  can  be  ne  g  le  c- 
ted  in  eq.    1 ,  and  that  the  création  is  given  by  : 


^         b  n^     [      ^2  "o    S  J 


(2) 


The  diffusion  coefficients  D^^  are  not  given  in  the 

littérature.  Only  D  (N ,  N^)  =  220  cm^  sec  has 

been  measured  by  Morgan  -  Schiff  ^aJ.  Comparing 

the  data  in  Ar-0„  mixtures  fil  : 
2  -1 

D  (0,Ar)    =      209  cm    sec  and 
D  (Oj^,  Ar)  =  257  cm    sec       we  have  choosen 
D  (N^,  N^)  =  250  cm^sec"'. 

Conceming    the  neutrals  destruction  coefficient 
C^,  we  have  used  the  data  published  by  Slanger  - 
Black,  [s]  for  N  (^D)  and  Lee  et  Al.  [ô^j  for  N  (^P) 
and  found  that  C°     can  be  neglected. 


^2p 

From  measurements  of  a  and 
led  the  order  of  magnitude  of 


:  have  determi- 


ults[7] 


(  P,     D)    :   10        cm""  sec  \  This 
compared  with  prevîous  argon  metastable 

(??^)  =  2(î  0.7)  X  10  "^^  cm^  sec'^ 
for  n^R  =  10^^  cm~^  (R  =  ]  cm).  In  similar  glow 
discharges  and  for  analogous  excitation 
thresholds,  the  électron  production  rates 
2  2 

experimentaly  found  for  N  (  D,  P)  are  stronger 
3 

than  for  Ar  (  P^).  This  resuit  can  be  interpreted 

as  stepwise  processes  in  the  production  of 
2  2 

N  (  D,  P)  by  means  of  the  metastable  molecular 
levels  N2  (A"^2I^^^  ^g)  •     The  argon  metastable 
level  îs  created  by  a  less  efficient  one  step 
process. 

4)     Concluding  remarks 
2  2 

N  (  D,  P)  concentrations  have  been  determined 
by  optical  absorption  in  a        d-c  glow  discharge 
(R  =  J  cm)  at  pressures  0.5  -  1.5  Torr  and 
discharge  currents  1-50  mA.  The  électron 
excitation  rates  are  of  the  same  order  of 
magnitude  for 


M  ,2 


N  (^D)   and  N  (^P)    :         (  p,  "d)  =  1 


-10 
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A  SPECTROSCOPIC  STUDY  OF  THE  DC  GAS  MAGNETRON  DISCHARGE 
V.I.  Miljevié. 

Bovis  Kidz-i^  institute  of  Nuclear  Sciences,  Labovatory  for  Atomic 


Physics,  12001  Beograd,  Yugoslavia. 


INTRODUCTION 

The  properties  of  ionized  gas  in  a  cy- 
lindrical  diode  with  axial  magnetic  field 
(gas  magnetron  diode)  dépends  strongly  on 
magnetic  field  intensity. 

Under  the  influence  of  a  strong  mag- 
netic field  in  the  cylindrical  diode  elec- 
îrons  move  on  cycloidal  paths  around  the 
cathode  acquiring  a  velocity  '=°"^P°"^^^  in 
the  anode  direction  only  after  collisions 
with  gas  atoms.  Electron  paths  are  consi- 
derably  prolonged,  thus  increasing  the  pr 
obability  of  excitation  and  ionization. 

m  the  case  of  the  puise  magnetron 
diode,  filled  with  argon  at  low  pressure, 
it  has  been  found  that  the  spectrum  con- 
sists  of  the  lines  which  correspond  to  tr 
ansitions  from  energy  levels  of  simple  and 
multiple  ionized  argon  atoms,  but  atomic 
Tïnes  have  not  been  registered  (for  exam- 
ple /1-4/). 

m  this  paper  the  results  of  the  spe- 
ctroscopic  study  of  a  DC  cylindrical  mag- 
netron diode,  filled  wita  argon  at  low  pr- 
essure, are  presented. 


RESULTS 

A  cylindrical  diode  was  uses  in  the 
experiments.  The  anode  was  30  mm  long  and 
22^^^  in  diameter.  T^^^^'^-^^^L'^ff  S,^"" 
cadescent  tungsten  cathode,  1  mm  in  dia 
meter,  was  placed  along  ^he  cylindrical 
anode  axis.  An  axial  magnetic  field  with 
Se  maximum  intensity  of  1200  ^  «as  appl- 
iedto  the  System.  The  expérimental  set  up 
scheme  is  shown  in  Fig.   1.  ^L^U  -lo'-' 
nditions  were:  the  anode  voltage  Ua-  30 
150  V,  argon  pressure  p=  10      -  10  torr. 

Spectra  were  recorded  with  a  crossed 
dispersion  spectrograph  ^TE  1  operated  in 
the  wavelenght  range  of  2200  -  9000  A  with 
the  dispersion  3,7  -  12,8  A  P^^.™?' 
tive  intensities  of  the  ^Pectral  lines  ha 
ve  been  determined  by  standard  photograp- 
hie photometry  methods. 

The  expérimental  results  have  been  ob- 
tained  for  the  magnetic  f^^^^,^  ^^^^^l'  ^ 
where  Bc  is  the  eut  off  magnetic  field  in 
a  vacuuS  diode  /5/  and  Bcg  is  the  eut  off 
magnetic  field  in  a  gas  magnetron  ^iode 
(i  e.  the  critical  magnetic  field  when  the 
discharge  current  eut  *  ^Ï!^^^' 

ectrum  contains  intense  lines  of  ionized 


argon  AU,  lines  AIII  moderate  intensity, 
lines  AIV  weak  intensity  and  atomic  tungs- 
ten lines   (originatinq  from  the  cathode 
because  of  ion  bombardment) .  Atomic  argon 
lines  were  not  formed  even  with  prolonged 
exposures. 

The  part  of  the  spectrum  of  the  DC  di- 
scharge with  référence  iron  spectrum  for 
working  conditions: 

a)  p=l0-2torr,     Ua=30  V,B=200  G,  Ia=3,8A 

b)  p=l0-Wr,     Ua=70  V,B=200  G,   Ia=3,6  A 

c)  p=6-10-'*torr,Ua=70  V,B=200  G,   Ia=l'4  A 

is  presented  in  Fig.   2.  As  it  can  be  s-en 
spectrum  contains  only  argon  AU  lines. 
Also,  by  changing  the  working  conditions, 
for  constant  magnetic  field, only  intensity 
of  the  spectral  lines  is  changed. 

Because  of  weak  intensities  of  the  AIII 
and  AIV  lines  only  the  intensity  of  ion  sp- 
ectral lines  AU  has  been  analysed. 

The  dependence  of  the  AU  4  880  A  spe- 
ctral line  intensity  on  the  square  of  the 
discharge  current   (solid  curve)   and  of  the 
discharge  current  on  the  magnetic  field  in 
the  région  80  G<B<300  G  (dashed  line)  un- 
der the  operating  conditions:  Ug-  30  V, 
p=10-2torr  is  presented  in  Fig. 3.  The  dis- 


SPECTR. 


Fig.l.  Expérimental  set-up 
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charge  current  density  was  about  0,2  A/cm^. 

The  dépendance  of  intensity  on  the 
discharge  current  is  often  used  for  inves- 
tigation of  the  excitation  mechanism  of  the 
spectral  lines    (for  example  /6,7/).   in  the 
case  of  direct  excitation   (cascade  transi- 
tions and  other  processes  are  neglected) 
the  dependence  of  spectral  line  intensities 
on  the  discharge  current  has  linear  chara- 
cter,  while  in  the  case  of  stepwise  excita- 
tion this  dependence  is  parabolic   (I  =ai  + 
bi-^)  . 

In  our  case  the  dependence  of  AU 
4880  A  spectral  line  intensity  on  the  squ- 
are of  the  discharge  current  is  shown  in 
Fig.3.  The  low  gas  pressure   (10-2)  and 
low  discharge  current  density   (j=0,2  A/cm2) 
show  that  intensive  excitation  of  the  ion 
line  AU  4880  A  should  not  be  expected  in 
stepwise  collisions.  However,  under  the 
influence  of  the  radial  electric  and  axial 
magnetic  fields  électron  paths  are  consi- 
derably  prolonged.  The  présence  of  crossed 
fields  results  in  the  increase  of  the,  so 
colled,  équivalent  pressure,  and  the  élec- 
trons fulfill  the  conditions  for  stepwise 
collisions.   In  this  way  the  probability  for 
gas  ionization  and  excitation  is  also  inc- 
reased. 


-  AU  4847  A 


AU  4806  A 


^  iron  réfé- 
rence spect- 


AII  4765  A 


Fig.2.  Part  of  the  magnetron  dischar- 
ge spectrum  with  référence  iron  spectrum 
for: 


a) 


=  10- 


torr,     Ua=30  V,   B=200  G 

b)  p=10-3torr,     Ua=70  V,   B=200  G 

c)  p=6- 10-4torr,Ua=70  V,   B=200  G 
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Fig.3.   Dependence  of  the  AII4880  A 
spectral  line  intensity  on  the  square  of 
the  discharge  current   (solid  line)  and  of 
the  discharge  current  on  the  magnetic  fi- 
eld   (dashed  line) :  Ua=30  V,  p=10-2torr, 
j=0,2  A/cm2. 


The  dependence  of  the  AU  4880  Aspec- 
tral  line  intensity  on  the  discharge  curr- 
ent when  the  anode  voltage  increase  is 
more  complex,  indicating  direct  and  stepw- 
ise excitation.  This  phenomenon  is  more 
expresed  in  the  case  of  AU  4765  A  spect- 
ral line.   It  may  be  noticed  that  the  upper 
energy  levels  of  the  AU  4765  A  spectral 
line  has  relatively  big  direct  excitation 
cross  sections. 

Further  work  is  in  progress. 
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INTRODUCTION. 

Mixtures  of  noble  and  molecular  gases  are  widely  used 
in  neutron  counters  under  reactor  conditions.  However, 
there  are  problems  in  their  opération,  concerned  with 
radiation,  électron  attachaient  and  the  électrodes,  which 
could  largely  be  overcome  by  the  use  of  noble  gases 
alone.  provided  a  mixture  with  a  sufficiently  high  drift 
velocity,  to  give  an  adéquate  counting  rate,  can  be 
found\    This  problem  has  stiniulated  the  investigation 
of  drift  velocities  in  noble  gas  mixtures,  the  initial 
results  of  which  are  reported  in  this  paper. 
METHOD. 

A  Monte-Carlo  method,  originally  developed  in  this 
Department  by  Thomas  and  Thomas^  was  modified  for 
use  at  the  low  E/I^(-3Td)  commonly  found  in  neutron 
counters.    The  applied  field  was  assumed  to  be  uniform 
and  the  cross -sections  for  the  various  elastic,  inelastic 
and  ionization  processes  were  taken  from  a  number  of 
sources'\°  In  ail  simulations  isotropic  scattering  was 
assumed  and  the  step  length  was  chosen  to  correspond 
to  0.  1  of  the  mean  free  path.     The  initial  électron  energy 
was  set  at  0.  OleV  and  this  was  the  minimum  allowed 
energy  of  the  électron  during  the  simulation.    In  ail 
calculations  the  gas  molécules  were  assumed  to  be 
stationary  and  the  pressure  was  taken  as  1  torr.  The 
mean  energy  (7)  of  the  test  électron  was  taken  to  be  given 
by  its  time  average  and  was  assumed  to  be  identical  with 
the  ensemble  mean  energy  of  the  électron  swarm.  The 
électron  drift  velocity  (W)  was  obtained  from  the  gradient 
of  the  distance  -  time  (z,  t)  graph. 

In  the  case  of  mixtures  the  probability  of  a  collision  with 
a  given  constituent  was  determined  as  foUows.   If  f^  and 
f^  are  the  respective  fractions  of  the  two  gaseous  con- 
stituents  in  a  binary  mixture  (i.  e.  f^  +  f^  =  U.  then  the 
probability  that  any  given  collision  involved  the  first 
constituent  was  taken  to  be: 


where    cr^  and  cr^  are  the  respective  cross -sections  of 
the  gaseous  components.    Then  for  each  collision  a 
random  number  R,  uniform  in    [0, 1  ]    .  was  generated, 
and  if  R  was  less  than      the  collision  was  taken  to  be 
with  the  first  constituent,  and  if  R  was  greater  than 
then  with  the  second. 
RESULTS. 

Figure  1  shows  a  typical  plot  of  z  "(të^)^^-  ^ 
using  the  NAG  (Numerical  Algorithms  Group)  random 
number  package:  G05AAF(Y)  for  E/N  =  3.  0341  Td  (i.  e. 


E/p  =  1  volt  cm  tor 


andT=  293K). 


f, 


^-1-^^2-2 


Fig   1.    Monte-Carlo  (•)  simulation  of  électrons  driftmg 
in  Argon  at  E/N  =  3  03Td.    Expérimental  Drift 
Velocity^^  4.  0  x  10  cm/sec. 
For  clarity  of  présentation  z  {  )  ,  rather  than  z,  is 

plotted  because  this  gives  a  curve  from  which  the  high 
frequency  fluctuations  are  eliminated  and  for  which  the 
gradient  is  the  same.     A  remarkably  similar  curve  was 
recently  given  in  the  literature^\  where  the  "breakaway" 
in  the  upper  part  of  the  curve  was  attributed  to  runaway 
électrons  occurring  in  the  neighbourhood  of  the  minimum 
in  the  momentum  transfer  cross -section.     However,  m 
the  présent  study,  it  was  found  that,  using  the  random 
number  routine  G05AAF(Y),  breakaway  occurred  in  ail 
the  noble  gases  (including  even  the  case  of  a  constant 
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cross-section,  in  He).     This  suggests  that  runaway 
électrons  are  not  responsible.     Other  random  number 
generators  give  différent  results  so  that  it  is  possible 
that  this  effect  is  related  to  the  random  number  routine. 
However,  one  cannot  come  to  any  final  conclusions  about 
this  because  even  in  the  most  extrême  cases  the  results 
lie  within  the  possible  spread  of  the  z,  t  curves  resulting 
from  diffusion.     As  in  réf.     ,  good  agreement  was 
obtained,  with  the  expérimental  drift  velocity,  using  the 
relatively  linear  portion  of  the  graph  before  breakaway. 
Since  drift  velocities  were  the  prime  interest  in  the 
présent  investigation,  a  random  number  generator  was 
chosen  which  gave  a  long  initial  linear  portion,  of  the 
z  "(  g£  ^  )  versus  t  curve,  and  such  that  the  drift 
velocity  computed  from  the  gradient  was  in  good  agree- 
ment with  the  expérimental  value  for  He  at  E/N=  3.  03Td. 
The  same  random  number  séquence,  when  used  in  He 
for  the  E/N  range:  0.  03  -  30.  34Td,  gave  the  results  in 

Table  1.     The  expérimental  values  for  the  drift 
,     .  .    4,  12 

velocities        are  given  for  comparison  and  the  calcul - 
ated  mean  énergies  also  tabulated.    Good  agreement 
with  the  expérimental  values  of  drift  velocity"^'  ^'  was 
also  obtained  in  the  case  of  the  other  noble  gases:  Ne, 
Ar,  Kr  and  Xe,  for  the  same  E/N  range,  given  in  Table  1. 
In  ail  cases,  approximately  8  x  10^  elastic  collisions 
were  recorded. 

TABLE  1 
HELIUM 


E/N 

W(cm/sec) 

W  (cm/sec) 

e 

Monte-Carlo 

Expérimental 

eV 

0.  03 

6.  97  x  lo"* 

6.31  X  lO'* 

0.  02 

0.  15 

1.  78  X  10^ 

1.  82  X  10^ 

0.09 

0.  30 

2.  71  X  10^ 

2.  65  X  10^ 

0.  18 

1.  52 

5.  96  X  10^ 

5.  97  X  lo'' 

0.  81 

3.  03 

8.  48  X  10^ 

8.  57  X  10^ 

1.  64 

15.  17 

3.  34  X  10^ 

3.  5   X  10^ 

7.  38 

30.  34 

6.  87  X  10^ 

7.  3   X  10^ 

9.  16 

Results  for  the  binary  noble  gas  mixture:  He/Ar  are 
shown  in  Figure  2  (again  for  E/N  =  3.  0341  Td). 


CM/SEC  9.0 


0        10      20      30      40      50      60      70      80      90      100  /hecium 

Fig.  2.    Computed  électron  drift  velocities  for  He/Ar 
mixtures  at  E/N  =  3.  03Td. 

It  is  seen  that  a  maximum  in  the  value  of  the  drift 

velocity  occurs  for  a  mixture  of  70%  He  with  30%  Ar, 

the  drift  velocity  in  this  mixture  being  12%  greater  than 

in  hélium  alone.     Further  investigations  of  other  mixtures 

are  now  in  progress  and  results  will  be  reported  at  the 

Conférence. 
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RECOMBINAISON  DE  L'ION  MOLECULAIRE 


A  HAUTE  TEMPERATURE 


P.  Cambray. 

n^.     •    .  T  &     791  du  C  N  R.S.  -E.N.S.M.A.-  86034  POITIERS 
Laboratoire  d'Energétique  et  Détomque  L.A.   192  du  C.N.R.^. 


La  plupart  des  études  expérimentales  de  la  re 
combinaison  de  l'ion  moléculaire  He^  ont  été  faites 
sur  des  plasmas  de  post-décharges  à  la  température 
ambiante  (cf.  par  ex.  /!/).  Dans  ces  conditions  la 
température  électronique  est  proche  de  300  K 
(<  600  K)  et  la  densité  électronique  n^  est  généra- 
lement inférieure  à  3.10    cm  . 

Les  résultats  présentés  ici  correspondent  à 
des  mesures  effectuées  sur  un  jet  (de  symétrie 
axiale)  de  plasma  d'hélium  produit  par  un  généra- 
teur à  arc  soufflé  à  une  pression  de  10  Torr 
1 4  -3 

1800  K,  n    '^^  10    cm    ) . 


Nous  avons  mesure, 


I  fonction  des  coordonnées 


radiale  et  axiale,  les  grandeurs  caractéristiques 
suivantes  : 

1)  la  vitesse  d'écoulement  (déduite  du  décalage 
des  raies  par  effet  Doppler  par  une  méthode  permet- 
tant de  tenir  compte  des  gradients  axiaux  /2/), 

2)  la  densité  électronique  (à  partir  de  l'élar- 
gissement des  raies  par  effet  Stark) , 

3)  la  densité  de  population  des  états  excités 
de  l'hélium  atomique  (par  spectroscopie  d'émission 
et  d ' absorption) , 

4)  la  température  électronique  (par  la  méthode 
du  graphique  de  Boltzmann), 

5)  la  densité  des  ions  atomiques  (déduite  des 
température  et  densité  électroniques  et  de  la  popu- 
lation des  états  de  nombre  quantique  principal 

n  >  6). 

De  l'ensemble  de  ces  mesures,   il  résulte  es- 
sentiellement que  deux  régions  peuvent  être  distin- 
guées dans  le  jet  : 

-  d'une  part,  une  région  éloignée  de  la 


d'éjection  du  génératei 


où  l'écoulement  peut  i 


processus  de  recombinaison. 

Dans  cette  dernière  région  du  jet,  la  densité 
des  ions  atomiques  est  inférieure  au  1/10  de  celle 
des  électrons.  L'hypothèse  de  neutralité  macrosco- 
pique du  plasma  implique  donc  la  présence  d'ions 
positifs  autres  que  He*  en  quantité  relativement 
14-3 

importante  (densité  de  l'ordre  de  10  cm  ).  Après 
avoir  vérifié  que  ces  ions  ne  pouvaient  être  m  de 
l'hélium  atomique  He"^"^  ni  une  quelconque  impureté, 
nous  avons  conclu  qu'il  ne  pouvait  s'agir  que  de 
l'ion  moléculaire  He2.  Compte  tenu  de  cette  hypo- 
thèse des  valeurs  mesurées  pour  les  grandeurs  in- 
diquées plus  haut  et  des  taux  de  réaction  mesurés 
par  Deloche  et  al .  /l/,  on  peut  montrer  que  l'évo- 
lution de  la  densité  électronique  est  déterminée 
par  la  réaction  de  recombinaison  : 

He"^  +  e  +  e      He  +  e 
pour  laquelle  Deloche  et  al .    /l/  proposent  un  taux 
de  réaction  (pour  T    <  600  K)  égal  à  : 


-  ~  '^62  '293^  2  e 

où    n    est  la  densité  d'ions  moléculaires  He2 

n  la  densité  électronique  (cm  ), 

Ic^^  =  (4,0  -  0,5)   .    10"^°  cm^/s, 
et  =  4,0  -  0,5. 

Ce  qui  donne  pour  nos  conditions  expérimenta- 
les (n    '-^  n    et  T    'v-  1800  K)  une  valeur  moyenne  : 


décrit  par  un  modèle  similaire  à  celui  proposé  par 
Schlichting  /3/  et  l'évolution  des  diverses  espèces 
est  principalement  déterminée  par  la  diffusion, 

-  d'autre  part,  une  région  proche  de  cette  section 
où  l'écoulement  est  fortement  influencé  par  la  dis- 
sipation visqueuse  et  dans  laquelle  les  effets  de 
la  diffusion  sont  négligeables  devant  ceux  des 


alors  que  le  t; 
mesuré  est  de 


;  de  recombinaison  que  i 


,-23  3 


^  =  (4  -  0,4)   .  10 

L'accord  est  donc  tout  à  fait  satisfaisant, 
compte  tenu  de  l'incertitude  sur  l'exposant  y^.  En 
prenant  pour  k^^       valeur  indiquée  par  Deloche  et 
al.   /I/,  nos  mesures  permettent  de  déterminer  cet 
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exposant  : 

=  3,8  -  0,3. 

/!/  Deloche  R.,  Monchicourt  P.,  Chéret  M.  et 

Lambert  F.,  High-pressure  hélium  afterglow  at 
room  température,  Phys.  Rev.  A. ,    ]3_,  1140 
(1975). 

/2/  Cambray  P.,  Mesure  de  vitesse  dans  les  jets  d( 
plasma  comportant  des  gradients  axiauxj 
Troisième  Symp.   Int.  de  Chimie  des  Plasmas 
(I.U.P.A.C.),   Limoges,  Juillet  1977. 

73/  Schlichting  H.,   Boundary-layer  theory,  McGraw 
Bill  (1968). 
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EXCITATION  OF  3  V  LEVEL  OF  He  AND  4  V  LEVEE  OF  He*  W.TH  ELECTRON  BEAM5 


A.  Luches,  V.  Nassisi,  A.  Perrone  and  M.R.  Perrone 

University  of  Lecce,  Physiae  Department,  Leace  Italy. 


[NTRODUCTION 

As   an   intense   électron   beam  dri: 

ently  converted  into  electronic  e: 
of  the  gas.  Excited  rare  gases  pl. 
portant   rôle    in   the  development 


ef f ici 
citati 


las 


To  impr 
a  det 


ef  f  ic 
i led  knowle 


and 


radia 

occur   is  necessa 
We    studied  the 
intensity   and  ti 
radiation  emitted   from   the    3     P  - 
transition  of   He   and    the   468.6  ni 
emitted   from  the   4    2f   -   3     D  trai 
He"^   at   pressures   ranging   from  10' 
Torr.    From  the   decay   of  radiatioi 
mined    the    short-lived   and  long-1 
components   and    the   values   of  the 
direct   excitation  cross-section 
level   at   several   gas  pre 
pressures    (p<4   Torr)  we 
quenching   c r o s  s - s e c t i on 


f  laser  sy 
f  the  variou 
es   /1-3/  whi 


re  dependen 
ory   of  the 


sition  of 
2    to  7500 

we  deter- 
ved  decay 
effective 
ection  of  the  33p 
sures.  At  low 
Iso  determined  the 
f    the    3   3p  level 


ollisions  . 


Tesla 


sf  or- 
beam 


by   ground  stat 
EXPERIMENTAL  APPARATUS 

Our  électron  source  is 
mer  acc elerator/4/,  whicl 
of  25  kA  500  keV  elec 
length  and  density  are  1 
3.5   kA/cm2,    r e sp ec t i ve 1  y . 

The   drift   chamber    (Fig.l)    is  separated 
from   the    field  émission  diode,  operated 
below   10"'^   Torr,   by  a    thin    (    75  ^m)  myla 
foil,    supported  by   a  perforated    steel  pl 
which  acts   as   anode . 


The  bea 
( f whm) 


nd 


About  60% 
as  chambe  r 
ects  light 


f  the  beam  e mer. 'es  into  the 
The  photometric  equipment  de- 
mitted  p e r pend i c ul ar 1  y  to  the 
consists  of  a  filter  System, 
hromator,  a  pho t omu 1 t i p 1 i e r  and  an 
storage  oscilloscope. 


EXPERIMENTAL   RESULTS   AND  DISCUSSION 
for    the  33p 


Fig.l:    Expérimental   apparatus.  l)Cathode; 
2)pressure   gauge;    3)viewing  port; 
4)anode;    5)filter;  RS-reference 
source  ;    MC-monot*>r  oma  to  r  ;OS-oscillosc. 


ity  decay  curv 
F   -   3   2d  trans 


ging   from  10~2    to  10'^ 


nsec  r*-  ^1  nsec  r*^ 


:    Traces    showing   pho t omu 1 t i p 1 i e r  out- 
puts   at   a)0.5   Torr   and    388.9  nm; 
b)5000  Torr   and   388.9   nm;  c)3000Torr 
and   463.6   nm  ;    d)  5000  Torr   and  468.6 


tr  an 


3  p  -  2 
on   of  près 


0.03 


In  the 
sity  exhibits   a  strong 
Above    10   Torr    it    is  a 
cndent.    In  contrast, 
ition   peak  intensity 


rr  peak 
re  dépend 


F  -  3  2d 
weak  at 


n  ten- 
ence  . 
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sures  lower  than  a  few  hundred  Torrs 
increases   rapidly  with  pressure. 


The   decaying  part   of  each 

trace   of    the   pho tomul t ip 1 ie _   

to   a   curve   of   the  form 

Kt)    =  exp(-t/T  i)    +   i2   exp(-t/T  3) 

where         ^^d   T2   represent    the   short  lived 
and    long   lived   de c ay , r e spec t i ve ly ;  and 
I2   characterize   the   respective  intensity 
amplitudes.    T2   relates    to    radiative  cascad 
contributions/2/ . 


p 

(To  rr) 

(au.) 

% 

(n  sec) 

(10-'Vrrf) 

0.0  3 

0,1  4  3 

100 

0,0  25 

12  70 

5,7  •  1  0" 

26  6 

0,07 

0,1  1  8 

86 

0,0  31 

71  00 

4,8  ■  1  0' 

0,16 

0,1  8  4 

82 

0,0  92 

3880 

7,6  •  1  0* 

78 

0,50 

0,4  8  5 

72 

0,4  18 

2  82 

2,4  ■  1  0" 

92 

1,70 

0,3  5  0 

0,6  1  3 

3  62 

1,7  .10' 

39 

3,60 

0,2  9  2 

25 

0,6  3  0 

1  04 

1,8  -1  0' 

29 

16 

0,1  4  2 

19 

0,8  31 

1,0  -1  0' 

5 

55 

0,1  8  6 

16 

0,8  53 

1  35 

2,0  -1  0' 

2 

760 

0,7  0  9 

1 1 

0,2  7  1 

1  21 

2,9  -1  0' 

0,5 

1500 

0,6  6  8 

11 

0,2  82 

1  53 

2,8  -1  0' 

0,2 

3000 

0,5  6  7 

13 

0,2  8  5 

1  69 

2,8  -1  0' 

0,1 

5000 

0,8  0  7 

13 

0,2  32 

2  26 

3,2  •  1  0' 

0,07 

5000 

0,7  5  3 

12 

0,2  79 

1  69 

3,1  -10' 

0,06 

7500 

0,7  6  4 

13 

0,2  0  3 

1  79 

3,1  -10' 

0,05 

TABLE   1:    time   constants   and   amplitudes  of 
the   3    3p   -   2    3s  transition. 
We   determined   the    relation  between  the 
density  of   3   3p   states   and    the  photomultip- 
lier  output   to   be   n ( t = 0 ) =no =4 ' 1 0 1 6 i ^ t ^ 
where    1^    is    the    intensity  at    t=0  (volts) 
and    T    is    the    radiative  meanlife. 

The    number   density   of    atoms    excited  by 

=  n„/I„    (    Ii+l2^l/^2  > 
The   effective   d i r e c t -e x c i t a t i on  cross-sec- 
tion  for   populating    the    3  states  is 

O  =     j^X     /  ^PTi 


the  électron  flux 
ity.  The  values  of 
in  Tab  .  1  . 


and  p  is  the  gas 
n^  and   a       are  1 


Fig.5 
In 


1/1 


of  pr 


the   range   0.07-^A   Torr,  is   a  lin- 

ear   function   of   gas   pre ssure  .  Such  behavi- 
our   could  be   explained   as   follows.  For 
p<0.03  Torr    the   decay   is   controlled  only 
by   spontaneous  émission 

He    (3   3p)        He    (2   3s)    +   hv  (    1  ) 

At   higher   pressures    (p   4   Torr),  collisional 
deactivation  by   ground    state   atomic   He  is 
also  important 

He    (3   3p)    +  He   ♦  He(2    3s)    +  He  (    2  ) 

Since   processes    (1)    and    (2)    are    the  most 
probable   for   p<4   Torr,    1/t^    ran  be  expres- 
sed   as    l/xj   =    l/x   +  kp  .    k   is   related  to 
the   quenching   c r o s  s  -  s e c t ion         by   the  rel- 
ation    k   =   aj,<;v>,   where  <v>  is   the  Boltz- 
mann  average   velocity  of  He   atoms. From  the 
slope   and    the    intercept   of   the   graph  of 
Fig.5   we    get   k=2.6-10-10    (cm3/sec),  t=98 
nsec   and   hence   0^=2-10-15  . 

For   p>4   Torr    the    last    relation   does  not 
describe  well    our   expérimental  results. 
However,   we   succeded    in  determining  the 
short   and   long   lived  decay  components  and 
the   effective   direct   excitation  cross-  sec- 
tion up   to   7500  Torr. 
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X=3961 .5S  X=39AA  Â 


Truong  Bach,  H.W.  Drawin* 

d'Etudes  Nucléaires,  F-92260  Fontenay-aux-Roses . 
1.  INTRODUCTION 

Standard  électron- impact  broadening 
théories   ^^'2)   predict  the  same  Stark 
widths  for  spectral  lines  within  a  given 
multiplet  whose  wavelengths  are  nearly  the 
same.  Différences  in  the  measured  widths 
of  lines  belonging  to  the  «ame  multiplet 
are  generally  assumed  as  being  due  to 
optical  depth  problems    ^3,4),   However ,  the 
theoretically  predicted  property  of  the 
line  widths  is  not  verified  for  Ar  II 
lines  measured  by  Behringer  and  Thoma 
who  observed  strong  variation   (/^  50%) 
within  the  4S  P  -  4p'     P  multiplet.  One 
of  us  reported  recently  a  différence 

of  22%  of  the  widths  of  the  Al  I  résonance 
doublet  4s  -  3p  '^^2/2   ,  1/2 

(X  =  3961.5  Â  ;   3944  Â) .  The  lines  were 
emitted  by   aAJl(CH3)3  -  seeded  shock-heated 
argon  plasma.  At  a  température  of  T  =9670K 
and  an  électron  density  of  Ng  =  1.42  xlO 
cm"-^  the   (full)   stark  widths   (after  correc- 
tions for  instrumental,  Doppler  and  neutral 
gas  broadening,   and  self -absorption  assu- 
ming  homogeneous  plasma)  were  found  to  be 
2W  =  0.61  Â   (±  13%)   and  0.50  Â   (  ±  13%) 
for  the  lines  X  =  3961.5  Â  and  3944  Â  res- 
pectively.  Fig.l  shows  the  densitometer 
recordings  of  the  two  lines  and  the  densi- 
ty profiles  obtained  after  applying  a  least 
square  smoothing  procédure  by  Fourier 
transform.  The  density  profiles  were  con- 
verted  into  intensity  distributions. 
Finally  the  above  mentioned  corrections 
were  applied  leading  to  différent  half- 
widths.  Very  recently,  Rôndigs  and  Kusch 
^"^^  reported  measurement  of  the  same  lines. 
They  found  within  the  expérimental 
uncertainty  the  same  Stark  width  for  the 
two  lines.  They  particularly  mentioned 
that  "the  expérimental  results...  appro- 
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ache  the  theoretical  value  if  self-absorp- 
tion contributions  are  taken  into 
account".  This  is  in  contradiction  to  the 
results  of  where  self -absorption  was 

accounted  for  assuming  a  homogeneous 
plasma.   However,  a  shock-heated  plasma  is 
surrounded  by  a  narrow  but  vcry  inhom.o- 
geneous  plasma  région.  Thus,   it  is  still 
possible  that  différences  in  the  half- 
widths  are  caused  by  the  outer  inhomogene- 
ous  zones  near  the  walls. 
2.    PLASMA  MODEL 

Owing  to     lack  of  any  reliable  expérimen- 
tal data  about  température  and  density 
distributions  in  the  boundary  région  of 
shock-heated  plasmas,  we  have  assumed  that 
local  thermodynamic  eguilibrium  (L.T.E.) 
exists  throughout  the  plasma,  the  boun- 
dary région  included.  We  assumed  the 
following  température  distribution   (  x  = 
distance  from  wall)  : 
T  (x)   =  T^(l  -  e"^^'^) 

where  T^=  9670  K  is  the  température  in 
the  core  of  the  plasma.   Knowing  the 
experimentally  determined  values  of^_^ 
électron  density  N^^^  =  1.42x10     cm  , 
the  density  of  excited  Al  I  atoms  N^^^„, 
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the  total  pressure  p  =  4.5  Atm,  and  the 
seeding  ratio,   it  is  possible  to  calculate 
from  the  equilibrium  relations  the  rele- 
vant densities  as  a  function  of  x. 
For  the  numerical  calculation,   an  eleven- 
layer  model  is  adopted.  Across  each  layer, 
température  and  density  are  assumed  to 
be  constant. 

3.    LINE  PROFILE  CALCULATIONS 
For  the  eleven-layer  model  we  have  solved 
the  radiative  transfer  équation  for  the 
intensity  I    (AA,x)   as  a  function  of 
wavelength  AA  and  distance  x    (i.e.   as  a 
function  of  layer)  : 

fi^^^  =  e(AA,x)    -  k(AA,x).I(AA,x) 
The  coefficients  e(AA,x)   and  k(AA,x)  are 
given  in  the  wavelength  scale  by 
e(AA,x)    =  -~    ^    A     N^'f^    (x)  P(AA,x) 


k(AA,x)    =  ■ 


Al 

A^  f  îi^^^  (x)  P(AA,x) 

.(^_g-AE/kT, 


(u  =  upper,   i=  lower  level,  A  ^  Einstein 
coefficient  u^H,   f  =  oscillator 
strength  £->u,   AE  =  E^  -  E^),  The  line 
profile  has  been  approximated  by  a 
Lorentzian  shape 


P(AA,x)   =  ■ 


W(x) 


(AA  -  d(x))-^  +  W(x)^ 
For  given  values  T(x)   and         (x) ,  width 
W  and  shift  d  have  been  calculated 
according  to  theory  Réf.    (2).  For  the 
two  Al-resonance  lines,   the  same  values  of 
W  and  of  d  are  obtained.  The  radiative 
transfer  équation  has  been  solved  for 
200  différent  values  of  AA . 
4.  RESULTS 

The  essential  results  are  summarized  in 
Figs.   2-3.   Fig.   2  shows  how  the  résultant 
profiles  change  as  a  function  of  A.   For  A= 
o   (homogeneous  layer)    the  line  profile  is 
syrainetric.  With  increasing  A  the  intensi- 
ty decreases  and  the  distortion  of  the 
blue  wing  increases.   Quite  a  similar 
behavior  is  obtained  for  A  =  3944  A.   Fig. 3 
shows  the  effective   (full)half  width  2W/^ 
and  the  effective  shift  d^  of  the 
résultant  profiles  as  a  function  of  A. 
Although  the  two  sub-levels  of  the  ground 
State  are  differently  populated,   width  and 
shift  vary  for  both  résonance  lines  in 
3xactly  the  same  manner  with  A. 


Under  actual  conditions,   the  thickness  & 
of  the  thermal  boundary  région  of  a 
shock-heated  plasma  is  of  the  order 
<5  =  5A»0.5to  1mm.  We  have  to  conclude 


that  an  inhomogeneous  plasma  région  does 
not  introduce  différences  in  the  width 
and  shift  within  the  frameof  the  model  and 
the  chosen  parameter  variations. 


(Â 


AU        Xr  3961.5  ;  39 

__J^^A  - 

'^^Wfh                     Fig.  3 

û(mm) 
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T.P.  Grozdanov  and  R.K.  Janev. 

Institute  of  l'kysùcs,  Belgrade,  Yugoslavia. 

It  has  recently  been  recognized  that 
the  électron  transfer  processes  between 
the  multicharged  ions  and  neutral  species 
in  a  crucial  way  influence  the  ionization 
equillibrium,   energy  balance,  radiation 
and  transport  properties  of  many  labora- 
tory  and  astrophysical  high-temperature 
plasmas^-^   Such  a  rôle  of  thèse  processes 
is  a  resuit  of  their  extrenely  large  cross 
sections    io^io"^'  cmS   o^Z^,  q=l-2)  and 
the  fact  that  highly  excited  states  of  the 
product  ions  are  pref erencially  created 
by  them.   In  Tokamak-type  thermonuclear 
plasmas,  additionally  heated  by  neutral 
beams,   the  multicharged  impur ity  ions  play 
a  detrimental  rôle,  which  even  may  crèvent 
reaching  the  fusion  burning  conditions  . 
The  important  neutral  species,  which  under- 
go  charge-changing  collisions  with  multi- 
charged ions  in  the  outer  layers  of  the 
Tokamak  plasma,   are  D,   T  and  He .  Almost 
equally  important  rôle  plays  the  électron 
transfer  collisions  between  multicharged 
ions  and  neutrals  in  the  expanding  laser 
produced  plasmas^   In  such  plasmas,  the 
Ibove  mentioned  processes  serve  as  an  effi- 
cient mechanism  for  création  of  inverted 
population  of  the  electronic  levels  of  the 
product  ions.   The  radiative  decay  of  thèse 
levels  is  responsible  for  the  EUV  émission 
from  laser  produced  plasmas. 

Ilost  of  the  expérimental  and  theore- 
tical  work  on  the  charge-changing  colli- 
sions of  multicharged  ions  with  atoms  has 
so  far  been  done  for  one-electron  transfer 
processes^"^   However,   the  expérimental 
data^  indicate  that  the  two-electron  cap- 
ture processes  in  thèse  collisions  have 
also  large  cross  sections,   being  only  a 
factor  of  5  -  G  smaller  than  the  cross 
sections  for  one-electron  capture. 

In  the  présent  communication  we  pro- 
pose a  model  for  a  successive  capture  of 
two  électrons  in  slow  collision  (relative 
^elocity  v<2xlO^  cm/s)  of  multiply  charged 
ions  with  atoms: 


A+B 


(1) 

The  capture  mechanism  is  supposed  to  be  an 
électron  f  unneling'' '  ^  from  the  atomic  (A) 
and  ionic    (A+)   potential  well  into  the 
"quasi-continuous"  spectrum^of  the  ^^^^2)+ 
ted  States  of  the  ions  B^^  and  B 

At  internuclear  séparation  R  the  électron 
transition  probability  per  unit  time  (in 
atomic  units)    is  given  by  : 

2pn       ,       ^  2pn-l 


W(R)=N 


^2  2il+l  ,n 


Ci) 


(4R  /Zn  ) 
f (a)-*  (a)  } 


/a (1+a)  i 


In  the  above  formulae  n=(2I)  I  is  the 

électron  binding  energy  in  the  initial  sta- 
te   (atom  A  or  ion  A+) ,  p  is  the  charge  of 
the  atomic    (p=l)   or  ionic    (p=2)   core,    l  is 
the  électron  initial  orbital  angular  mo- 
mentum  and  N  is  the  normalization  constant 
of  the  asymptotic  atomic    (ionic)  électron 
wavef unction . 

The  method  of  calculation  of  the 
cross  section  for  process    (1)    is  in  some 
sensé  itérative  one.  We  shall  neglect,  in 
the  first  approximation,   the  capture  of 
the  second  électron,  and  using  the  expres- 
sion  (2)  with  the  parameters  of  the  atom 
A    we  can  calculate  the  électron  capture 
5 

cross  section  from  : 

°  W(R)RdR 


^      r.  ,     2  .  W(R)RdK,i  „ 

2rî;  [i-exp(-  -  ;  p,-  51  )  Jp 


(3) 


where,  v  is  the  relative  velocity  of  the 
colliding  particles,   p   is  the  impact  para- 
meter  and  the  strainght  line  trajectories 
are  assumed. 

Now,  an  effective  radius  of 
the  one-electron  capture  process  can  be 
defined  from  the  relation 


Further 
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we  shall  assume  that  ail  atoms  that  enter 
the  sphère  of  the  radius  R    will  underge 
one-electron  loss.   The  two-electron  capture 
cross  section        can  be  calculated  from 
Eq. (3)    in  which  the  upper  limits  of  the 
intégrais  are  replaced  by  R^,  and  W(R) 
taken  from  Eq.    (2)   with  the  parameters  of 
the  ion  A     and  with     the  substitution 
2^Z-1.   It     is  clear  from  this  procédure 
that  a  represents  the  total  électron  cap- 
ture cross  section  and  that  real  one- 
-electron  cross  section  is  given  by 
"l  "  °~°2' 

We  have  performed  the  cross  section 
calculations  for  the  collision  of  He-atom 
with  an  ion  of  charge  Z=6    (the  only  cha- 
racteristics  of  the  multiply  charged  ion 
that  enters  into  the  présent  theory) .  The 
parameters  taken  for  He  atom   (ion)   were : 
N  =  2.250    (5.657),   n  =  0.744    (0.5),  p=l(2) 
and  £=0   (O) .   The  results  of  calculations 
are  shown  in  Fig.   1  together  with  the 
expérimental  data^  for  one  and  tv;o-electron 
capture  cross  sections  in  He-Ar"*"  collisions 
as  a  function  of  the  ion  impact  energy  E 
(relative  velocity  v) .  As  it  can  be  seen 
from  the  figure,   the  agreement  of  the 
theoretical  results  and  the  expérimental 
data  is  quite  satisf actory .   This  figure 
also  shows  that  the  cross  section  for 
double  électron  transfer  for  He  on  Z=6 
ions  is  smaller  only  for  a  factor  of  3-4 
with  respect  to  the  one-electron  capture 
cross  section  in  the  whole  energy  range 
investigated .   Since  within  the  proposed 
theory  both        and         scales  according 
to  a^'x.Z^nZ    (i=l,2),  one  can  infer  that  the 
same  ratio  of  approximately  holds 

for  charge-changing  collisions  of  He  with 
an  arbitrary  Z(>6)   -  ion. 


L — I — I  I  I  I  1 1 1  I   " 
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Fig.  1 

Références 

1.  C.F.Barnett,   in:    "The  Physics  of  Elec- 
tron. Atom.  Collisions",   Inv.  Lectures 
and  Progr.   Repts .  of  IX  ICPEAC,  Ed.J.S. 
Risley  and  R.Geballe   (University  of 
Washington,   Seattle,   1975),   p. 346. 

2.  A. V. Vinogradov  and  I . I . Sobel 'man,  Sov. 
Phys.-  JETP,    36,   1115  (1973). 

3.  L.P .Presnyakov  and  A.D.Ulantsev,  Sov. 
J. Quantum  Electron.   4,   1320  (1975) 

4.  M.I.Chibisov,   JETP  Lett.    24,    56  (1976). 

5.  T.P.Grozdanov     and  R.K.Janev,  Phys. 
Rev.  A  17 ,   880   (1978) . 

6.  A.  Mùller  and  E.Salzborn,   Phys.  Lett. 
59A,    19  (1976). 


joiiimi  DE  imsiQUt: 


colloque  C7 ,  supplément  au         Tome  40,  ^Juillet  1979,  page  C7-  73 


lONIZATION  GROWTH  IN  ARGON 


R.R.  Abdulla,  J.  Dutton  and  A.W.  Williams 

Depavtment  of  Physias,  University  Collège  of  Swansea,  S^ansea,  U.K. 


Introduction. 

The  growth  of  ionlzation  currents  in  argon  have 
been  studied  expérimenta lly  by  a  number  of  authors 
(1).  (2).  (3). 

The  experiments  of  Kruithof  and  Penning  and 
of  Heylen^^^  used  the  standard  Townsend  method  of 
measuring    1    as  a  function  of    d    at  constant  E/N 
and  gave  values  of  the  primary  ionization  coefficients 
a/N  which  were  in  agreement  for  purified  gases.  It 
was  also  shown^^^  that  unpurified  gas  gave,  as  expected, 
hlgher  values  of  a/N.     Tii^-re  is  however  interest  in 
investlgating  the  pressur.,^  dependence  of  a/N  to  elucidate 
whether  pressure  dépendent  processes  such  as  associative 
ionization^"^^  are  slgnificant  in  ionization  growth  and 
breakdown  in  this  gas.     The  only  other  high  pressure 
study^^^  gave  no  évidence  on  this  question  because  it  was 
found  that  I,d  curves  could  not  be  analysed  to  give  values 
of  a/N  so  that  I.  p  curves  were  obtained  which  gave  values 
of  a/N  dépendent  on  the  value  of  d  used. 

The  présent  paper  reports  the  initial  measurements 
of  an  investigation  to  examine  further  the  question  of  the 
values  of  the  primary  and  secondary  ionization  coefficients 
in  high  pressure  argon. 
Apparatus. 


In  order  to  achieve  the  high  gas  purity  necessary 
for  ionization  growth  measurements  on  the  rare  gases 
the  ionization  chamber  used  in  the  présent  investigation 
could  be  evacuated  to  ultra  high  vacuum.     The  chamber 
has  been  described  by  Dutton  and  Powell^^^  and  consists 
of  a  cylindrical  stainless  steel  chamber,  50  cm  in 
diameter  and  having  a  volume  of  about  40  litres.  The 
chamber  was  pumped  by  a  combination  of  sorption  and 
ion  pumps  and  could  be  baked  at  a  température  of  250  C 
by  means  of  a  fumace.     AU  the  taps  and  manifolds 
exterior  to  the  furnace  were  degassed  using  heating 
tapes.     The  ultimate  pressure  of  the  System  was 
2  X  lO"^  torr  with  a  leak  rate  of  0.9  X  10     l.^s  . 

■  The  électrodes  were  15  cm  diameter  gold  plated 
copper,  machined  to  a  Bruce^^^  profile  and  gave  an 


uniform  electric  field  for  électrode  séparations  up  to 
5  cm.    In  the  centre  of  the  anode  were  drilled  37  holes 
1  mm  in  diameter  which  allowed  the  passage  of  ultra- 
violet light  on  to  the  cathode  to  provide  an  initial 
current  of  photoelectrons. 

The  voltage  supply  was  a  6  kV  Fluke  model  408B 
with  a  stability  of  1  in  10^.     The  voltage  was  measured 
using  a  4  MQ  potentiometer  and  ionization  currents 
were  measured  by  means  of  E.I.L.  33c  vibrating  reed 
electrometer. 

In  the  présent  experiment  gases  of  two  différent 
purities  were  used.     With  standard  grade  gas  of  99.  99% 
purity  the  ionization  chamber  was  filled  directly  from 
the  bottle  while  for  high  purity  gas  the  bottle  gas  was 
further  purified  by  passing  it  through  a  B.O.C.  Rare 
Gas  Purifier.     The  impurities  in  the  second  sample 
should  be  less  than  one  part  per  million.     The  gas 
pressures  were  measured  by  means  of  oil  and  mercury 
manometers  isolated  from  the  chamber  by  sensitive 
bellows.    AU  measurements  were  carried  out  at  20  C 
in  a  thermostatically  controlled  room. 

Expérimental  Procédure  and  Analysis  of 
Expérimental  Data. 

In  the  présent  experiment  ionization  coefficients 
were  obtained  by  measuring  the  growth  of  pre -breakdown 
ionization  currents,  I  ,  as  a  function  of  inter-electrode 
spacing,  d  ,  for  différent  values  of  E/N  (electric  field/ 
gas  number  density).     In  order  to  overcome  possible 
fluctuations  in  the  initial  photoelectric  current.  Iq  , 
currents  1^,  =  cl^  were  measured  at  values  of 
(E/N)  =  (E/N)^  at  which  no  ionization  took  place. 
Values  of  I/Ic  were  then  obtained  for  différent  values 
of  d. 

The  current  growth  curves  were  analyzed  in  terms 
of  the  Townsend  current  growth  équation  in  the  form 
_I   _      c  exp  (gd) 
Ic^    [l  [exp  (ad)- 1  i] 

where  a  is  the  ionization  coefficient  and  w/a  a 
generalized  secondary  coefficient.     The  analysis 
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followed  the  method  given  by  Crompton  et  alC^)  and 

Jones  and  Llewellyn -Jones 

Results. 

Current  growth  curves  have  been  obtained  with 
standard  grade  argon  (99.  99%  purity)  at  N  =  38.  5x10 
cm    and  for  high  purity  argon  at  N  =  41.8  x  10 
and  are  shown  in  Figure  1. 
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Fig.  1.  High  Purity  Argon. 
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•  4.26  X  10  A  4.86  x  10  ' 

The  values  obtained  for  the  ionization  coefficients 
are  shown  In  Figure  2  and  in  Table  i,  together  with 
Kruithof  and  Penning's  results  for  comparison.    It  can 
be  seen  that  there  is  good  agreement  with  Kruithof  and 
Penning's  results  for  the  standard  grade  argon  but  that 
the  coefficients  are  consistently  about  15%  lower  for  the 
high  purity  argon.    This  différence  is  well  outside  the 
uncertainty  of  about  +  5%  in  the  détermination  of  q/p, 
This  trend  is  to  be  expected  as  any  increase  in  the  purity 
of  the  argon  would  decrease  the  ionization  coefficient. 


Fig.  2.    a/N  (cm  )  as  a  function  of  E/N  (volts  cm  ). 

B  Présent  experiment  High  Purity  Argon, 

(N  =  41.8  X  10^7  cm"3). 
A  Présent  experiment  Standard  Grade  Argon, 
(N  =  38.5  X  10^7  cm-3). 
-o-  Kruithof  and  Penning  (0.  229  x  10^^  cm'^<N< 
53.3  X  lO'^  cm-3  ). 


This  work  is  being  continued  with  argon  at  higher 
pressures  and  with  a  mass  spectrographic  analysis  of 
the  gas  samples. 
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Ne  (-^Pj)  States  was  carried  out  to  study  the  Ne  (''P2) 
decay  (6).  At  this  moment  the  nuraerous  mechanisms 
which  govern  the  decay  are  fairly  well  under- 

stood  (1,5).  In  the  présent  work  the  afterglow  of  a 
Townsend  discharge  (T.D.)  is  used  for  mass  spectro- 
metrical  détermination  of  the  Ne  (^Pj)  decay  at  77 
and  295  K,  using  the  Penning  ionisation  of  N^  impu- 
rities  as  a  diagnostic  reaction.  Current  dénsities 
smaller  than  lO'^A/cm^  provide  cumulative  processes, 
e.g.  dissociative  recombination ,  not  to  take  place. 
Theory 

Because  of  this  low  current  density    P2-atoms  are 
only  destroyed  by  i)  diffusion  to  the  wall  (D)  ,  ii) 
excitation  with  a  ground  state  atom  to  the  nearest 
^P|-state  (a. A)  and  iii)  three  body  collisions  with 
two  ground  state  atoms  (y).   (See  fig.   1).  The 
decay  frequency  reads 
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The  T.D.   is  pulsed  from  burning 
■  voltage  in  the  afterglow. 
N^'^-ions  formed  by  the  Penning  reaction  in  the  after- 
glow drift  to  the  cathode  which  contains  a  small 
hole  (10  pm).  The  ions  are  sampled,  selected  on  mass 
by  a  Q-pole  mass  filter  and  are  detected  by  a 
channeltron.  The  times  of  arrivai  of  the  N2^-ions 
after  onset  of  the  afterglow  are  processed  by  a 
microprocessor.  Repeatedly  pulsing  gives  a  histogram 
of  arrivai  times  of  N^"^,  identical  to  the  relative 
density  of  the  ■^P2-atoms  as  a  function  of  time  in 
the  afterglow  and  hence  yield  the  decay  frequency. 
The  T.D.,  placed  in  a  cryostat,  can  be  cooled  to 
liquid  nitrogen  température  of  77  K,  Cataphoresis 
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degree  to  be  less  than  a  few  p 


;  the  impuri 
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Fig  1:  Diagram  for  the  decay  of 
Ne(^P^)  atoms. 

Results 

The  measured  decay  frequencies  as  a  function  of  gas 
density  at  77  and  295  K  are  shown  in  fig.  3.  By 
means  of  a  nonlinear  least  mean  square  procédure 
eq.   (1)  is  fitted  to  the  data,  obtaining  the  best 
values  for  D,  A  and  y.  as  given  below 


Method 

The  Ne  (^P2)  decay  rate  is  measured  by  using  the 
Penning  ionisation  reaction  Ne  {h^)^U,-n^*^iie+e~ . 
The  nitrogen  density  in  the  parent     gas  is  90  sma: 
that  it  does  not  affect  the  decay  frequency.  The 
rate,  of  formation  of  N,"^  ions  is  proportional  to 


D(1020n,-ls-') 
A(lÔ20m3s-') 
Y(10-'^6n,6s-l) 
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Diffusion  coefficient 

As  can  be  seen  in  fig.  4  the  agreement  of  the 
présent  data  at  295  K  is  good,  whereas  at  77  K  the 
présent  value  is  25%  larger  than  previous  results. 
From  potential  curve  considérations,  showing  a 
large  insensibility  of  D  on  the  shape  and  parameter 
values  of  the  (^P2  -  's^)  interaction,  this  dévia- 
tion is  not  disquieting. 


De-< 


Expérimental  (1,5,6,10)  and  theoretical  (11)  re- 
sults on  A  are  shown  in  fig.  5.  The  présent  resuit 
at  295  K  is  50%  smaller  than  previous  data,  but  in 
good  agreement  with  the  theory  of  Cohen  et  al  (11). 

Three-body  collision  coefficient 


The  présent  results  on  y  at  77  and  300  K  are  in 
good  agreement  with  previous  experiments.  The 
activation  energy  for  this  process  is  calculated 
to  be  0.032  eV,  in  conformity  with  (12)  and  (13). 


anode 

cathode+ 
sampling  ho le 

-  grid+diaphragm 

-  Q-pole  mass  filt 


Fig  2:  Expérimental  setup  and  measu- 
ring  System. 
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Fig  3:  Deaay  frequency  of  Ne(Z-,^)  vs.  gas  den- 
stty  at  77  and  295  K 
solid  ourve:  least  square  fit  of  eq.l 


000 

Fig  4:  Diffusion  coefficient  vs.  gas  tempéra- 
ture. l(o),4(à)^S(D),7(V),3C),8(A), 
9(m) ,10 (r), 2(0) .présent (O) . 
Solid  curve: theory  with  16/6-potential. 


Fig  5:  De-excitation  rate  vs.  gas  tem- 
pérature. l(9),4(A),10(r),5(D). 
6 (V), présent (o) . 
solid  curve:  theory / 12/ . 
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lONIZATlON  AND  ATTACHMENT  IN  WATER  VAPOUR  AND  AMMGNIA 
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*Presently  with  Kindhoven  University  of  Technology, 

Introduction.  Electron  attachment  in  water  vapour 
has  net  been  extensively  studied  as  in  other  gases, 
such  as,  oxygen  and  its  compounds,  There  are  dis- 
crepancies  between  the  existing  data  (1-5).  The 
results  of  Parr  and  Moruzzi  (5)  are  higher  than 
those  of  Kuffel   (1)  and  Ryzko   (4)   but  are  lower 
than  those  of  Prasad  and  Craggs   (2).  Regarding  the 
process  of  attachment,  while  Kuffel   (1)  observed 
it  to  be  a  three-body  process  at  low  E/N.  Moruzzi 
and  Phelps   (6)  did  not  see  any  attachment  for  E/N 
>  33  Td.  Like  wise,  ^  of  Prasad  and  Craggs   (2)  and 
Ryzko  (4)  also  differ. 

Ammonia  has  not  been  investigated  for  over  a  long 
time.   In  view  of  the  récent  interest  in  it  (7,8), 
Parr  and  Moruzzi   (5)   investigated  attachment 
processes.  Only  other  studies  made  in  this  gas  were 
of  Bailey  and  Duncanson   (9)   and  Bradbury  (10).  Parr 
and  Moruzzi -s  n/N  are  20%  higher  than  those  of 
Bailey  and  Duncanson,  while  those  of  Bradbury  are 
ten  times  lower;  while  thèse  aiscrepancies  exist  in 
n/N,  there  appears  to  be  no  data  on  the  measure- 
raents  of  a/N. 

In  View  of  thèse,  measurements  were  made  in  both 
thèse  gases  and  a/N  and  n/N  were  accurately 
evaluated  over  the  range  E/N  =  70  to  150  Td  (for 
n/N)   and  70  to  2400  Td   (^)   over  the  pressure  range 
5  to  20  Torr   (20°C)    (N  =  16.5  x  10  to 
66  X  lO^^cm""^)  . 

Expérimental  technique:  The  expérimental  apparatus 
used  was  of  a  usual  form  for  the  measurements  of 
prebreakdown  currents  by  tne  Townsend  method  using 
high  vacuum  techniques.  Détails  were  given  by  Maller 
and  Naidu  (11).  Before  the  commencement  of  measure- 
ments, the  ionization  chamber  was  evacuated  to 
3p  Torr,  the  pmnps  were  isolated  and  gas  was  leaked 
in   (see  below) .  The  gas  pressures  were  measured  to 
+  1%  using  a  silicone  oil  manometer   (D.C.705).  The 
ionization  currents  were  read  to      1  %  (Keithley 
Electrometer,  type  640)  and  the  applied  voltages 
were  measured  to  +  0.5%  (DM  752,  Electronics 
Corporation  of  India).  Under  thèse  conditions,  the 
estima ted  errors  in  ^  and  n/N  were  about  +  2%. 


EEg,  Group  EHO,  Eindhoven,  The  Netherlands . 

Extrême  care  was  taken  in  purification  and  drying  of 
the  gas  samples  as  suggested  by  earlier  workers   (5) . 
Water  vapour  used  was  from  spécial ly  prepared  triply 
distilled  deionized  water,  while  ammonia  used  was 
purified  by  fractional  distillation  and  dried  using 
sodium.  The  gases  were  further  dried  before  entering 
the  ionization  chamber.  Care  was  also  taken  to  see 
that  the  density  of  water  vapour  inside  the  chamber 
was  always  maintained  much  below  its  saturated 
vapour  density  at  room  température  to  avoid 
possibilities  of  error  in  pressure  measurement. 


Results 


Water  Vapour.  Curi 


:  growth  (log  I-d) 
:  for  E/N  >  152  Td 


plots  became  increasingly  1 
indicating  that  n/N  becomes  negligible  over  this 
région.  a/N  and  n/N  obtained  from  thèse  measurements 
are  shown  in  figures  1    (n/N)  and  2    (a/N).  Fig.  1 
shwos  that  the  présent  data  of  n/N  are  in  good 
agreement  only  with  those  of  Crompton  et  al   (3)  and 
differ  from  the  data  of  others  (1,2,4,5).  a/N  shown 
in  fig.  2  agrée  with  the  data  of  Prasad  and  Craggs 
(2)  and  Ryzko   (4)  only  to  within  +  3%  over  the 
entire  range  of  E/N  studied.  n/N  were  found  to  be 
independent  of  gas  pressures  suggesting  that 
attachment  arises  in  this  gas  through  dissociative 
attachment  process  represented  as  e  +  H20  -«■  H  +  OH. 
Results  in  Ammonia.  Coefficients  and  a/N 

measured  are  shown  in  fig.   3  and  2  respectively .  The 
présent  (n-a)/N  values  are  lower  than  those  of 
Moruzzi  and  Parr  (5)  and  Bailey  (9)  and  are  higher 
than  those  of  Bradbury  (10)    (figure  3).  Fig.  2  shows 
only  the  présent  data  on  a/N  as  no  other  data 
appears  to  be  available  for  comparison.  As  was 
observed  in  water  vapour,  no  pressure  dependence  of 
n/N  was  observed  in  this  gas  also  indicating  that 
attachment  arises  mainly  through  dissociative 
processes . 
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1.  Attachment  coefficient   (n/N)   in  water 
vapour.  -  présent  values, A    Parr  et  al 
(5),  ù  Ryzko  (4),  •  Crompton  et  al  (3), 
o  Prasad  et  al   (2)   and  +  Kuffel  (1). 


Fig.  3.  Values  of  (ri-a)/N  as  a  function  of  E/N 
in  ammonia.  -  Présent  data,  •  Parr  et 
al   (5)  o  Bradbury  (10)  and  +  Bailey 
et  al  (9) 
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INTRODUCTION.  It  has  been  shown  that  the  first 
electronically  excited  state  of  N20'^  is  the  l^A" 
bent  State  [l].  In  this  state  and  at  about  120° 
this  triatomic  species  exhibits  a  saddle  topology 
with  the  saddle-point  being  very  near  in  energy 
to  the  asymtote  O^'^S),  H^i^h^ .  The  l'^A"  state 
lies  well  below  the  state  and  in  the  l^A" 

state  the  molécule  is  predi ssociated  in  both  the 
N-NO  and  NN-0  Goordinates.   The  minimum  energy 
pathway  which  leads  adiabatical ly  from  the  120° 
critical  conformation  to  either  N(^S),  N0"^(X^Z"*') 
or  O'^C^S),  N2(X^z:g)  passes  through  polarization 
wells  but  the  minimum  saddle-point  appears  to  lie 
above  both  asymptotes  at  ail  angles  [2]  .  An 
extensive  ab  initio  survey  with  a  double-zeta 
basis  is  being  made  in  order  to  establish  a  first 
approximation  to  the  detailed  adiabatic  reaction 
coordinate  for  Rxn  (1 ) 

o"(^s)  +  H^{)ihl)  -  no'-iy.V)  +  n(S)  +  i.io  ev  (i) 

The  preliminary  results  of  this  survey  are  report- 
ed  here  in  terms  of  the  variation  of  the  saddle- 
point  with  the  valence  angle  A^^q.    The  implica- 
tions of  thèse  results  for  the  N20"^  electronic 
structure  and  the  dynamics  of  Rxn  (1)  are  then 
discussed. 

METHOD.    The  ab  initio  SCF  results  reported  here 
have  been  obtained  by  use  of  the  POLYATOM  [3] 
intégral  package  and  BISON-MC  [4]  .    The  nitrogen 
and  oxygen  one-electron  basis  sets  are  4s2p 
contractions [5]  of  optimized  9s5p  atomic  Gaussian 
bases  [s]  .    The  N^O^ll^A")  potential  energy  sur- 
face has  been  surveyed  at  90°,  110°,  120°,  130°, 
150°,  and  170°.    At  each  of  the  first  five  angles 
the  nuclear  séparation  grid  is  R^^^  =  1.0154A  to 
1.4667A  by  0.11282A  and  R^^  =  1.065^  to  1.7763A 


by  0.11842A.    At  170°  the  same  ranges  are  used 
while  the  spacings  are  reduced  to  values  of 
0.05641A  and  0.05921A  for  R^^  and  R^q,  respective- 
ly.    The  denser  grid  at  170°  is  necessary  because 
the  near-linear  avoided  intersection  of  the 
V(^n)  and  potential  energy  hypersur- 

faces  occurs  near  the  170°  l^A"  saddle-point. 
RESULTS.    The  energy  surface  exhibits  a  saddle 
topology  at  ail  six  angles.    At  the  170°  saddle- 
point  the  wavefunction  is  that  of  the  l'^A"(l'^n) 
linear  state  component.    The  SCF  4s2p  minimum 
energy  saddle-point  in  the  N20^(1^A")  potential 
energy  hypersurface  occurs  at  118.5°.    The  cor- 
responding  saddle-point  value  R*^  of  the  coordi-^ 

nant  R  n  à^so  exhibits  a  minimum  value,  R*  =1.24A, 
NO 

at  this  angle.    The  coordinant  R^^,  on  the  other  ^ 

hand,  exhibits  a  saddle-point  value  RJ^=1 .28-1 .29A 

over  the  extensive  angular  range  110-170  .  From 

the  results  of  SCF  and  correlated  calculations  of 

the  equilibrium  geometries  for  N^OlX^Z"^)  and 

N^O'IX^A')  with  double-zeta  quality  basis  sets 

it  is  estimated  that  the  présent  SCF  values  for 
o  o 

R*  and  R*  are  correct  to  within  0.03A  and  0.07A, 
NN  NO 

respectively,  and  that  A*^^  is  correct  to  within 
9°  [7]  . 

The  total  energy  of  the  minimum  4s2p  SCF 

saddle-point,  -183.1112  a.u.,  is  2.9  eV  below  the 

4s2p  SCF  total  energy  of  N^O^d^n),  -183.0061  at 

the  X^n  equilibrium  geometry  [2]  .    At  the  latter 
?        4  . 

geometry  the  excitation  energy  X^n  ^  1  n  is 

5.5  +0.3  eV  from  correlated  wavefunction  calcula- 
tions [s]  .    Thus,  the  minimum  energy  saddle- 
point  of  the  l^A"  potential  energy  surface  is 

2.6  +0.4  eV  above  X^n.  Using  the  expérimental  X-X 
ionization  potential,  xV.+  ->  iV  is  15.5  +0.4  eV. 
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From  the  expérimental  dissociation  énergies  for 
N^O"""  [^9j  this  resuU  places  the  critical  energy 
of  the  reaction  intermediate  at  about  0.2  eV 
above  0"^,N2  and  1.3  eV  above  N,NO"^. 
DISCUSSION.     The  key  features  of  the  potential 
energy  surfaces  have  easily  recognizable  effects 
on  the  dynamics  and  energetics  of  chemical  reac- 
tions.   The  qualitative  projection  of  thèse 
effects  from  given  surface  features  is  a  relative- 
ly  straightforward  application  of  momentum  con- 
cepts from  classical  mechanics.    In  some  cases 
classical  trajectory  studies  have  been  made  to 
verify  the  predicted  qualitative  features  [lo]  . 
In  the  présent  case  it  is  shown  above  that  the 
minimum  energy  reaction  coordinant  for  Rxn  (1) 
must  pass  through  a  saddle-point  R*^^  =  1.29  +0.03A 
R*Q  =  1.24  +0.07A,  A*^^  =  119  +9°    at  an  energy 
approximately  0.2  eV  in  excess  of  the  thermal 
reagents.    Both  an  energy  barrier  and  a  dynamical 
barrier  prevent  adiabatic  reaction  from  thermal 
reactants.    The  dynamical  barrier  results  from  the 
fact  that  the  value  of  R*^  is  significantly  great- 

er  than  the  outer  anharmonic  vibrational  turning 
o 

point,  1.18A  of  N2(v=l),  even  though  more  than 
enough  energy  is  available.    Reaction  (1)  can 
proceed  adiabatical ly  only  for  translational ly 
(E^  >  0.2  eV)  or  vi brational ly  N2  (v  >  2)  excited 
reagents.    Both  the  translational  and  vibrational 
threshold  effects  predicted  theoretical ly  here 
and  elsewhere  [l.2j  for  the  adiabatic  reaction 
mechanism  have  been  observed  experimentally    [llj  . 
The  low  but  fi  ni  te  thermal  reactivity  is,  then, 
to  be  attributed  to  a  différent  mechanism,  which 
is  discussed  elsewhere  [2,llj  . 

At  the  saddle-point  geometry  the  adiabatic 
ionization  potential  for  the  process 
N20(^E*)  ->  N20(1^A")  +  e    is  presently  obtained 


as  15.5  +0.4  eV.    This  resuit  corroborâtes 
an  earlier  report  [ij  that  the  first  electronical - 
ly  excited  state  of  N20"^  in  the  triatomic  région, 
as  well  as  in  the  atom-diatomic  asymptotic  régions 

[2]  ,  is  the  l^A"  State. 
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EFFECT  OF  THE  ION  MOTION  AT  LOW  ELECTRON  DENSITIES  ON 
THE  PROFILES  OF  THE  LINES  4471  Â  AND  4922  Â  OF  Hel 

C.  Fleurier,  G.  Coulaud  and  J.  Chapelle  . 
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Introduction  :  We  have  shown  recently  /!/  /2/  /3/ 
an  ion  mass  efject  on  the  Stark  profile  of  the 
line  Hel  4471  A.  Thèse  results  show,  for  électron 
densities,  n   >  3xlol5  cm-3,  a  smearing  of  the 
central  structure  of  the  line  between  the  allowed 
and  the  forbidden  components,  when  the  reduced 
mass  (W-)  of  the  couple  hélium  atom-perturbing 
ion  decreases.  The  conclusion  was  that  this  ef 
fect  could  be  imputed,  reasonably,  to  the  ion  mo- 
tion, because  the  extrapolation  of  our  results  at 
fr-*oo      (V.    ^    0)  showed  an  excellent  agreement 
for  the  values  C/P  (see  below,  fig.   D  with  the 
theoretical  (static)  predicted  ones  /4/  /5/. 
However,  although  this  effect  was  clearly  demons- 
trated,  it  is  in  contradiction  with  the  theoreti- 
cal prédictions  /5/  and  some  other  theoretical 
estimâtes  for  which  the  ion  motion  effect  is  only 
appréciable  at  low  électron  densities  (n^^  10 

évidence  of  an  ion  effect  at  low  densities.  We 
can  only  note  some  theoretical  attempts  /7/  to 
obtain  a  better  fit  with  experiment  than  the  sta- 
tic calculations . 

So,  the  aim  of  this  work,  is  to  put  fortW  expé- 
rimental évidence  of  an  ion  mass  effect  at  low 
electgon  densities  in  the  profiles  of  the  lings 
4471  A  of  Hel,  and,  for  further  proofs,  4921  A  of 
Hel,  for  which  the  same  effect  is  expected. 

Methods  :  The  lines  were  emitted  in  a  conventional 
plasma  jet  with  addition  of  a  transfer  anode 
/2/  /3/.  Three  différent  plasmas  were  used,  each 
one  characterized  by  a  différent  reduced  mass  of 
the  radiator-perturbing  ion  couple,  specifically  : 
/J-  =  0.8  for  the  He-H  plasma,      -   2      for  the 
He-He  plasma  and  jir  =  3.34  for  the  He-Ne  plasma. 
The  plasma  composition  was  choosen  such  as  more 
than  99  %  of  the  ions  in  the  plasma  came  from 
the  second  gas  (H  or  Ne). 

The  électron  density  was  estimated  from  the  line 
width  of  Hp    (plasma  He-H)  or  by  means  of  the 
Stark  width  of  some  isolated  lines  arising  from 
levels  n  =  5  or  5  which  suffer  an  important  Stark 
broadening.  The  électron  température  was  determi- 
ned  by  means  of  the  Saha  law  relative  to  high 
excited  levels  and  by  use  of  the  collisional- 
radiative  model . 

The  ion  température  was  obtained  from  the  Doppler 
width  of  the  isolated  lines  of  Hel  arising  from 
low  energy  levels. 

Spectroscopic  measurements  were  achieved  on  a 
spectrometer  having  a  reciprocal  dispersion  of 
4.4  Â/mm  in  the  first  order  (1200  1/mm  grating 
1.7  m  focal  length).  The  line  profiles  were  obtai- 
ned" by  using  an  optical  multichannel  analyser 
(OMA)  providing  an  excellent  signal  over  noise 
ratio.  Moreover,  the  light  intensity  was  very 
stable  (+  1  %)  and  the  jet  had  an  excellent  cy- 
lindricaî  symmetry,  thus,  even  the  Abel  inversion 


yielded  very  accurate  line  profiles.  The  error 
was  estimated  to  be  lower  than  5  %  for  the  in- 
itensity  of  the  line. 

Results   :  Four  parameters  characterizing  the 
line  profiles  were  measured  :  the  peak  sépara- 
tion S  (in  h,  the  ratios  I/P  and  C/P  and  the 
halfwidth  of  the  allowed  coraponent  (in  A). 

(Fig.  1).  Our  previous  studies  /3/  have  shown 
that  and  S  vary  only  slightly  with       ,  wi- 

thin  the  expérimental  errors.  In  the  présent 
work,  we  have  used  AA  as  a  common  référence 
parameter  for  comparison  of  the  différent  pro- 
files in  place  of  ng  for  which  the  uncertainty 
is  about  +  15  %  while  for  AX  this  uncertainty 
is  lower  Than  5  %.  The  peak  séparation  S  was 
not  used  as  in  /!/  /2/  /3/  because  it  varies 
too  slowly  in  this  range  of  électron  density 
while         varies  approximately  linearly  with  n^. 
The  results  for  the  line  4471  A  are,  partially, 
summed  up  in  gigs.  2  and  3  for  the  /^X  range  : 
0.5  A   --»•    2  A  (ng  'v/  5x101^+  cm"^  to  4x10^5  cm-3). 
The  fig.  2  shows  clearly  the  effect  of  the  varia- 
tion of  yvr    on  the  ratios  I/P  and  C/P  :  the  dip 
intensity  increases  while  the  peak  intensity 
decreases.  Ag  example  is  given  in  Fig.   1,  for 

A\ac  0.80  A,  where  the  two  profiles  are  norma- 
lized  in  amplitude.  Good  agreement  is  observed 
between  the  two  profiles,  mainly  in  the  allowed 
peak  and  in  the  wings  but  the  central  structure 
is  smoothed  in  the  He-H  profile  in  comparison 
of  the  He-He  profile.  The  observed  différences 
between  the  three  cases  (fig.  2)  for  I/P,  C/P 
(or  J/P-C/P)  are  greater  than  the  expérimental 
uncertainties ,  so  we  can  firmly  ensure  that  an 
ion  mass  effect  exjsts  at  low  électron  densities 
for  the  line  4471  A  of  Hel,  and  also  (fig. 4)  for 
the  line  4922  A. 

Finally,  we  have  plotted  (fig.  3)  the  ratios 
I/P  and  C/P  as  functions  of  i )' ^     which  is 
proportional  to  the  ion  velocity. 
The  expérimental  values  lie  approximately  on  a 
straight  lines  and  the  extrapolation  (dashed 
lines)  at  an  infinité  reduced  mass  shows  an  excel- 
lent agreement  with  the  theoretical  static  values 
of  the  ratios  I/P  and  C/P  by  /4/  /5/.  This  fea- 
ture  makes  us  to  think  that  the  observed  effect, 
proportional  to  the  ion  velocity,  is  an  ion  mo- 
tion effect. 

Discussion  :  Thèse  results  confirm  our  previous 
measurements  at  higher  électron  densities.  Howe- 
ver we  note  in  this  experiment  a  variation  in 
the  ratio  I/P  which  had  no  be  detected  (or  which 
was  within  the  expérimental  errors)  at  higher 
density.  That  gives  an  indication  that  the  ion 
motion  effect  is  more  marked  at  low  électron 
density,  in  agreement  with  the  theoretical  assump- 
tions.  Then  it  seems  to  decrease  to  zéro  up  to  an 
électron  density  of  about  6  to  10x10^^  cm-3  /l/. 
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In  another  connection,  the  comparison  with  the 
theory  11/  including  a  treatment  of  the  ion  dyna- 
mics,  would  show  a  best  fit  with  our  profiles 
than  the  static  théories,  but  the  corrections 
to  the  profiles  given  by  this  calculation  are 
still  tooweak  to  perfectly  fit  the  observed  ef- 
fect. 

Finally,  another  calculation,  using  the  model 
micro-field  method  /8/  seems  to  give  an  excellent 
agreement,  for  n^  ^  3.10^5  cm"^^  with  our  profi- 
les.  (The  results  will  be  presented  at  the  confé- 
rence). In  this  model,  the  ion  dynamic  is  taken 
into  account  in  the  same  way  as  the  électron  dy- 
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Fig.3:  Variation  of  I/P  and  C/P  vs  (p)  .The 
dashed  lines  represent  the  extrapolation  of 
our  results  at  pw«o. 
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Profiles  of  the  line  Hel  4471  Â  from 
He-He  plasma  (full  line)  and  He-H  plasma  (•  ). 
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Fig. 2: Variation  of  the  ratios  I/P  and  C/P  as  func- 
-tions  of  the  halfwidthA>(proportionnal  to  ng). 
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''ig-4:  Variation  of  I/P  and  C/P  vsAAfor 
the  line  Hel  4922  Â. 
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tomphysik  (Huile), 


The  mean  kinetic  energy  KE^^^  of  ions 
drifting  in  a  buffer  gas  under  the  in- 
fluence of  an  electric  field  is  well  re- 
presented  by  the  Wannier  équation  /I/ 

K^ion  =  I  KT  +  If   (m,  +  m^)  , 
where         is  the  drift  velocity  of  the 
ions  and  m.   and        are  the  ion  and  buffer 
masses  respectively . 

on  the  other  hand  so  far  there  only  ex- 
ists  a  qualitative  picture  upon  the 
internai  vibrational  energy  of  molecular 
ions  drifting  in  a  buffer  gas.  Récent 
NOAA-results  /2/  and  results  obtained  in 
our  laboratory  have  shown,   that  molecu- 
lar ions  such  as  O^''  and  002'"  are  vibra- 
tionally  excited  more  readily  when  drif- 
ting in  an  argon  buffer  than  in  a  hélium 
buffer.  This  was  demonstrated  by  in- 
vestigating  in  an  argon  and  hélium  buffer 
the  energy  dependences  of  the  rate  con- 
stants of  ion  molécule  reactions  which 


strongly  dépend  on  the  vibrational  energy 
of  the  ions.  The  reaction  of  with^CH^ 
is  slow  at  room  température   (k  =  6x10 
cm-^  sec~^)   and  has  a  main  exothermic 
reaction  channel  into  O2CH3+,  but  at  ele- 
vated  énergies    (KE^^,   the  relative  kinetic 
energy  of  the  reactants  is  obtained  by 
conversion  of  the  ion  kinetic  energy  into 
the  center  of  mass  energy  in  the  usual 
way  /3/)    the  slightly  endothermic  reac- 
tion channels  to  and  CH^^  among 
other- become  available.  According  to 
theoetical  considérations  of  Polanyi 
and  coworkers  /4,5/  this  type  of  reaction 
should  be  promoted  by  vibrational  excita- 
tion.  In  fact  the  rate  constant  for  the 
reaction  of  O^^  with  CH^  shows  a  much 
stronger  increase  at  elevated  énergies  in 
an  argon  than  in  a  hélium  buffer  /6/. 


1  I  I  1 1 n  \ — I  I  I  I  I  ii| 

C02*  +  02 — •►02+C02 
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In  the  présent  investigation  we  compare 
the  results  on  the  energy  dependences 
of  the  reaction  of  02"*^  with  CH^  obtained 
in  a  heliiim,   an  argon  and  a  buffer, 
and  of  the  reactions  of  CO^"*"  with  0^ 
and  D2  obtained  in  hélium,   neon  and  ar- 
gon.  In  the  case  of  02^  +  CH^  our  re- 
sults obtained  in  hélium  and  argon  agrée 
well  with  the  NOAA  results  /6/,   as  can 
be  seen  in  Fig.1.  The  results  obtained 
in  CO2  show  that  this  buffer  is  less 
effective  in  vibrationally  exciting 
than  argon  but  is  obviously  more  effec- 
tive than  hélium.  The  results  for  the 
reaction  of  ^2"^  with  O^,  which  is  also 
promoted  by  vibrational  excitation  of 
the  reactant  ion  are  shown  in  Fig.2 
together  with  data  obtained  in  a  hélium 
and  an  argon  buffer  at  NOAA  /7/.  C02^  + 
^2  is  a  reaction,  which  is  slowed  down 
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Fig.  3 

by  vibrational  excitation  and  our  re- 
sults are  shown  in  Fig. 3.   From  the  re- 
sults of  Figs.   2  and  3  one  can  assume, 
that  rare  gases  have  a  higher  efficiency 
for  exciting  vibrational  excitation  of 
molecular  ions  the  heavier  the  atomic 
mass  of  the  rare  gas  atoms  is.  This  is 
at  least  the  case  for  He,  Ne,   and  Ar. 
On  the  other  hand,  when  other  gases  in- 
stead  of  rare  gases  are  used  as  a 
buffer,   no  such  statement  can  be  made 
as  is  seen  from  the  examples  of  Fig.1. 
Thèse  investigations  will  be  carried  on 
and  will  be  extended  to  a  krypton  buffer. 
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I  -  INTRODUCTION 
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Electrical  pumping 
electronic  states  i 
fer  of  this  electronic  energy  t 
lar  radiacors  is  a  promising  wa 
range  of  laser  sources  in  the  v 
violet.  Observation  of  intense  laser  emissioi 
N2  first  négative  System  at  4278  Â  (1)  in  (H. 
gaseous  mixture  pumped  by  the  reaction  : 
(1)     He,  +  N„  ->  n/(B^L  "*")  +  2  He , 
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négative  System. 

In  this  paper,  we  présent  some  preliminary  exper: 
mental  results  concerning  collisional  destructioi 
of  the  n  =  3,  4  singlet  Hel  excited  states  by  mo 
cular  N2  in  a  low-pressure  glow  discharge. 

II  -  EXPER IMENT    (S,  7>  8) 
A  tunable  dye  laser  excited  by 
laser  (puise  width  4  ns,  specti 
gy  per  puise       10  yJ ,  répétitif 


a  pulsed  nitrogen 
al  width  0,2  A,  ener- 
n  rate  15  Hz)  is  used 


hel: 


induced  a  sélective  and  short  perturbation  c 
.ted  State  by  résonant  optical  pumpii 


ed  in  a  capillary  glow 
4  mm,  length  60  mm).  This 
ted  under  continuous  electrical 

a  constant  flow  of  (He,  "ii^)  ga- 
ow  rate  <  1  1/h) .  Partial  pres- 

can  be  independently  adjusted 
rr  and  current  intensity  from  10mA 
easured  by  means  of  a 
he  discharge  tube 
325  +  5  K) .  After  spatial  filtering,  the  pump 
beam  traverses  the  discharge  tube.  The  fluo- 


Excited  states  are  popul 
discharge  (inner  diamete 
discharge 

power  supply  with  a  < 
seous  mixture  (flow  1 
sures  Pj^^  and  P^^  ca, 
from  10-^  to  5  Torr  , 
to  40  mA.  Gas  temper, 
thermocouple  in  cont 


:  light 


itted  by  a  cro 
maged  onto  the  sli 


gnal  i 
lutior 


s-section  of  the 
1  perpendicular  direc 
;s  of  a  spectrometer 
'ing  power  ^  100.000)  and  then  onto  a  photo- 
.ier  tube.  Time  dependence  of  the  output  si- 
!  analysed  by  a  Boxcar  averager  (temporal  reso 
%  5  ns)  and  each  fluorescence  relaxation  cur- 
ve  corresponds  to  1.510^  laser  shoot  average. 
III  -  MEASUREMENTS 

The  population  variation  AN.(t)  of  the   li>  Hel  state 
consécutive  of  laser  optical  pumping  of  the  2  S-3  P, 
2's-4'p,  2'p-3's,  2'p-3'd,  2'p-4's  and  2'p-4'd  ra- 
diative  transitions  have  been  studied  for  fixed  va- 
lues of  the  partial  pressure  P^^^  and  various  values 
of  partial  pressure  P^^  .  For  each  pumped  transition 
(J-»-i),  AN.(t)  is  deduced  from  measurements  of  the 
time  variations  of  the  spectrally  integrated  réso- 
nance fluorescence  light  intensity.  After  the  laser 
puise  has  ceased,  the  perturbated  populations  go 
back  to  their  stationnary  values.  In  this  laser-free 
relaxation  mode  AN.(t)  is  solution  of  the  populatio 
rate  équation  :  (9) 


dANi (t) 


AN.(t)  • 


1  , 


.  AN  ft) 


AN. (t=0)  =  AN. 
n  is  the  number  of  sublevels  coupled  by  coUisional 
or  radiative  excitation  transfers  with  |i>.  a.,  is 
the  quenching  coefficient  of  the  |i>  level  (total 
depopulating  coefficient)  whereas  a.j  is  the  excita 
tion  transfer  coefficient  from  |j^  to  |i>  (popula- 
efficient).  However,  one  may  be  note  that 

of  a.,  coefficients  on  AN,(t)  arise  only  af- 

iJ  1- 
i  successive  reactions  and  so  in  the  first 
of  the  relaxation  and  for  a  judicious  choice 
în  write  in  a  first  approximation  : 


ting  ( 


phase  ( 
of  PHe'  ^ 
dANi(t) 


and  R.,    are  the 
N2  _ 
sions  of  the  |i 

atoms  (number  d 

cules  (number  d 


AN. (t) 

al  radiative  de 
total  de-ex( 


(2) 


ely 


ity  n^^)  and  ' 
;ity  n^  ). 


on  rate,  R^^ 
■ates  by  colli 
jith  hélium 
h  nitrogen  mole- 
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For  each  state   |i>  (\i>  =  3  S,  3  P,  3*0,  4  S,  4'p, 
a'd)  we  have  measured  the  a. .  coefficient  as  a  func 
tien  of  Pj^    for  a  fixed  value  of  P^^ .  Results  are 
shown  on  Fig.    1  and  Fig.  2. 


Fig.  2 
RESULTS  AND  DISCUSSION 

Ail  measured  destruction  coefficients  a^^  d 
linearly  on  nitrogen  partial  pressure  P^^^  i 
nitrogen  and  hélium  partial  pressure  ranges 
studied.  Quenching  rates  R^^ 
tion  (2)  and  are  reported  bel^ 
velocity  average  cross-sectio: 


n  the 

deduced  from  rela- 
dth  corresponding 


The  extrapolati( 
gen  partial  pressure  are  in  excellent  agreei 
with  results  obtained  in  a  pure  Hel  glow  di; 
(9,  10,  11). 

.3'S  . 


On  the  other  hand,  we  observe  that  the  R.,  quen- 
N2  ^ 

ching  rate  is  clearly  lower  than  the  other  ones, 
perhaps  due  to  non  résonant  excitation  transfers 
towards        molécule,  or  to  the  low  associative 
ionization  probability  of  this  3's  state  (9,  12), 
in  connection  with  the  reaction  (1). 
Previous  studies  (10)  of  a  pure  hélium  glow-dis- 
charge  have  shown  that  for  pressure  greater  than 
1  Torr,  a'd  and  4'f  sublevels  are  in  collisional 
equilibrium.  Présent  results  performed  for 
Pj^g  =  1,16  Torr,  when  the  2'p-4'd  transition  is 
optically  pumped  (Fig.  2),  indicate  that  the  4'f 
quenching  rate  is  of  the  same  order  of  magnitude 
than  the  4*0  one. 
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INTRODUCTION 

We  studied  chemiionization  of  the  Ryd- 
berg  states  n^P  of  rubidium,   from  n  =  8  to 
14.  Under  the  chemiionization  one  considers 
ionizing  collisions  of  two  atoms,  one  of 
which,  at  least,  is  excited.The  ionization 
proceeds  by  3  channels: 

X*+  Y  ^  XY'^+e"    (associative  ionization) 

X*+  Y  •»  X+Y'''+e~    (atomic  ion  formation) 

X*+  Y  ■»  x'^+y"     (positive-négative  ion  pair 
formation) 

Rubidium  vapours  at  400-560  K  and  at 
10"^-5-10'^  torr  were  irradiated  by  wave- 
lengths  abova  280  nm,  monochroraatized 
within  0.3  nm.  The  source  was  a  high-cur- 
rent  Xénon  lamp.  The  number  of  absorbed 
photons  within  an  energy  level  and  reaction 
volume  was  evaluated.  By  using  an  outer 
magnetic  field,  perpendicular  to  the  inci- 
dent light  and  to  the  collecter  surfaces, 
it  was  ensured  that  ail  of  the  produced 
électrons  were  collected. 

RESULTS 

A  continuous  background  current  of  the 
électrons  was  found  for  the  photon  energy 
laïger  than  3.95  eV,  what  made  possible  an 
estimate  for  the  ionization  energy  of  the 
molécule  Rb2  equal  to   (3.96+0.01)   eV.  By 


using  the  dissociation  energy  of  the  neu- 
tral  molécule,  D=  (0 . 50+0 . 05)   eV  (ref.l), 
and  assuming  that  the  photoionization  of 
Rb2  started  from  the  first  vibrational  le- 
vel  (Fig.I),  we  found  for  the  dissociation 
energy  of  the  molécule  Rb2 

d"^  =        +  D  -  3.96  eV  =  0.72  eV 

E.    is  the  energy  of  ionization  of  Rb  atom. 


Fig.l 

In  our  expérimental  conditions,  the  exci- 
ted  n^P  levels  decay  by  chemiionization,  by 
spontaneous  émission  and  by  collisions  of 
2nd  kind.  Radiative  life  times  are  higher 
for  higher  levels  and  they  decay  primarily 
by  the  collisional  transitions.  Photoioniza- 
tion from  the  levels  was  negligible  as 
shown  by  a  linear  dependence  of  the  élec- 
tron current  on  the  light  intensity.  The 
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same  dependence  ruled  out  collisions  in 
whidh  both  atoms  were  excited,  Therefore, 
our  results  correspond  only  to  the  chemi- 
ionization  effected  during  collisions  of 
normal  and  excited  atoms. 

For  si.iall  atom  concentration,  a  consi- 
dération of  the  statistical  equilibrium 
gives  the  following  dependence  of  the  num- 
ber  of  produced  électrons  per  absorbed 
photon,  P,   versus  the  atom  concentration 
in  the  ground  level  N 


N 


where  T      is  the  radiative  life  time  of 
the  level,   <<SV>^  the  rate  coefficient  for 
ionization,  and  <<i'v'/p_Q  the  rate  coeffi- 
cient for  mixing  of  n^P  and  (n-l)^D 
States.   By  extrapolating  >  0     one  dé- 
terrai, es  the  f irst  term  in  the  équation 
and  the  rate  coefficient  for  the  ioniza- 
tion.   (The  life  times  were  taken  from 
réf. 2  and  3).  The  results  are  shown  in 


électron  and  the  ion,  formed  of  the  atomic 
core  left  by  the  quasi-free  électron.  The 
collision  is  then  treated  as  an  interaction 
of  the  quasi-  free  électron  with  the  dipole 
formed  by  the  résonance  charge  transfer 
iref.4  and  5).  Transition  to  the  ionization 
continuum  is  highly  probable  when  the  ex- 
change energy  equals  the  energy  of  ioniza- 
tion from  the  excited  state.   Such  calcula- 
tion    gives  a  monotonically  decreasing  ra- 
te coefficient  with  increasing  quantum  num- 
ber  n.  A  maximum  in  the  curve  of  the  rate 
coefficient,  shown  in  Table  1,  may  however 
resuit  from  a  nore  elaborate  treatment  of 
the  model    (R.K.Janev  and  A.A.Mihajlov,  pri- 
vate  communication) . 


REFERENCES 


TABLE  1 


9     10     11     12     13  14 


i^'^}^  3  7  9  14  12  11 
^(lO^Ocm^s-^)   


Theoretical  description  of  the  ioniza- 
tion from  the  high  levels  cannot  be  madcn 
in  the  frame  of  the  usual  model  of  a  quasi 
molécule.   One     should  instead  consider  the 
tnree-body  encounter  between  thr  neutral 
atom  in  normal  state,   a  quasi-free  excited 
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The  rekombination  coefficient  of  the 
reaktion    A    +    e"  -*  A"^    +  e"    +    e"  had 
been  calkulated  in  the  diffusion  approxi- 
mation in  réf. [l] .  Energy  change  by  an 
elastic  collision  of  électrons  is  not  cha 
racterised  by  a  small  parameter  (mass  ra- 
tio). The  value  of  the  ionisation  rate 
constant  (IRC)  is  mainly  conditioned  by 
bound  elektron  motion  in  energy  région 
|£|-^T  (T  is  température). In  this  energy 
région  the  average  square  of  energy 
change  per  one  elektron-elektron  collisi- 
on -«(if        has  the  same  order  of  magnitu- 
de as  T^.  The  diffusion  approximation  is 
correct  if   <(«f£^^> /T^-f<  1 .  Nevertheless 
the  diffusion  approximation  is  qualita- 
tively  true  in  the  case   <[êt)^> /'^  ^  1 
too.  However  the  diffusion  theory  fails 
within  one  diffusion  step  \<(é,i)  >] 
near  the  boundary    £  =  0.  In  this  energy 
région  a  single-step  ionisation  (SSI) 
plaies  an  important  rôle.  The    SSI  rate 
constant  has  a  singularity  at  £  =  0.  Due 
to  this  singularity  the  distribution 
function  is  considerably  smaller  as 

compared  to  the  diffusion  approximation 
restxlt  i^ii)  in  the  région         T.  The 
IRC    is  obliged  to  change  too. 

The  function  -f  (E)   for  bo\ind  électrons 
is  described  by  modified  Pocker-Plank 
équation  [2]» 


J„(£J-  density  of  states,<^-4f;*>      -  avera- 
ge square  of  energy  change  per  one  se  - 
cond,  K(l)  -  single-step  IRC.  In  eq.  (2) 
the  term  /TWf  ^*(ÊMescribes  SSI.  In  a  low 
température  plasma  (T«  I;  I  -  the  gro- 
und  State  ionisation  potential)  hydrogen- 
-like  States  of  highly  excited  atom 
(/£I^T)  play  the  prédominant  rôle.  The 
density  of  thèse  states  is 
%[l)^l7'Z^\^^''''    .  (3) 
lu   -  hydrogen  ionisation  potential,  Z+ 
-  ion  statistical  sum.  According  to  réf. 
[Ij  the  expression  of<lài}^>  is 

e   and  m    are  the  charge  and  the  mass  of 
électron,  26^-  ion  charge.  Por  A'/fj  we 
have   K(e)=  Js-JEIvHeJJE  (5) 
S'^lE)   -  SSI  cross  section  from  energy  le- 
vel  £    ,  V-sVâE/m'       ,         -  free  élec- 
tron equilibrium  distribution  function. 

So  far  there  are  not  heither  reliable 
theoretical  nor  expérimental  data  on  SSI 
cross  section  of  highly  excited  states, 
which  play  the  important  rôle  in  thermal 
ionisation.  So  it  is  only  possible  to 
evaluate  the  character  of  the  dependense 
and  the  order  of  magnitude  of  A'(£J .  As  it 
is  seen  from  eq.(5)  K(£)  mainly  dépends 
on  magnitude  of         (fjbut  not  on  the  pe- 
culiarity  of    (5^  (E)  as  a  function  of  £  . 
The  simpliest  estimation  of        (E)  can  be 
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made  by  using  the  Thomson  classical  the- 

-f3j=^.(.)^^f-7,^-f; .  (SI 

Cm   -  the  maximum  SSI  cross-section  at 
l£|  =  I„   ,  ûo  -the  Bohr  radius. 

The  right  part  of  eq.(2)  can  be  exp- 
ressed  as  the  divergence  of  the  total 
current  j  =  }^  +        ,  where  and 

are  the  diffusion  current  and  the  SSI 
current :  f 

J    is  equal  to  the  rate  constant  if 
|i  =  0.  So  we  have  to  solve  ^  =  0  (8) 
with  the  boundary  conditions 

ffo)  =  0,  f (-Ij  =  //2     ,  (9) 

2     -  atomic  statistical  sum. 

The  eq.(7)-(9)  together  with  (3)-(6) 
have  been  solved  numerically.  The  functi- 
on  f  (fj  has  been  investigated  near  £  =0 
analytically  alao.  The  results  for 
eind  for  IRC  are  shown  on  f ig.  1  and  fig.2 
for  several  values  of  the  parameter 

cL~       J;-  ^  .  On  the  figures 

the  following  notation  is  used:  JC  = /£f/T  ; 
ô[ot)    ^(d)/ ;        -rate  constant  for 
the  diffusion  approximation  (see  ref.[4j). 
As  it  is  seen  (fig.1)  in  the  rég- 

ion T.  Kevertheless  the  increasing 

of  j  as  compared  to  is  rather  small 
(fig.2).  So  the  diffusion  approximation 
for  j    (but  not  for  at|f(;$T)  is 

quite  satisfactory  in  spite  of  the  rela- 
tively  grate  diffusion  step  for  the 
electron-electron  collisions. 


{1^.2 
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Les  molécules  de  type 
suscitent  depuis  quelques 
dérable  en  partie  lié  à  1. 
utilisation  pour  la  réal 


exciplexes 
années  un  intérêt  consi- 

possibilité  de  leur 
ation  de  lasers.  En  ce 


qui  concerne  les  exciplexes  de  gaz  rares, les  plus 
étudiés  ont  été  très  certainement  les  halogênures 
(Xe  F,  Xe  Br,  Kr  F,  Ar  F  etc..)  et  les  composés 
alcalins  gaz  rares  (Ar  Na,  Ar  Cs  etc.).  Cepen- 
dant d'autres  composés  sont  possibles  :  les  hydru- 
res  de  gaz  rares  pour  lesquels  il  existe  quelques 
données  le  plus  souvent  théoriques,  mais  aussi  dé- 
duites d'expériences  de  collisions.  De  façon  géné- 
rale, les  courbes  de  potentiel  montrent  que  l'état 
fondamental  de  l'hydrure  neutre  est  répulsif 
états  excités  sont  attractifs  ;  par  contre  l'ion 
moléculaire  correspondant  est  stable  | M •  Notons 
que  pour  ces  hydrures,  la  littérature  est  en  géné- 
ral plus  abondante  sur  l'ion  stable  que  sur  la  mo- 
lécule neutre.  C'est  le  cas  de  Ar  H  pour  lequel  il 
existe  de  nombreuses  données  sur  Ar  H',  par  contre 


les 


les  données  sont  relativement  réduites  et  de  plus 
contradictoires  sur  Ar  H  l^D-  On  peut  d'ail- 

leurs noter  que  les  spectres  moléculaires  corres- 
pondant à  la  déexcitation  radiative  des  états  ex- 
cités des  hydrures  neutres  n'ont  pratiquement  ja- 
mais été  observés.  A  notre  connaissance,  seule  la 
transition  2^  —  je^Ar  H  dont  la  tête  de  bande 
est  observée  à  7673.2  A  est  actuellement  attribuée 
à  une  molécule  de  ce  type  Tl.  De  plus  dans  cette 
dernière  étude  les  processus  de  formation  de  cette 
molécule  n'ont  pas  été  étudiés. 

De  récentes  observations  effectuées  dans  nos 
laboratoires  sur  des  jets  de  plasma  d'argon  raré- 
fié (domaine  de  pression  :  à  10  torr,  tempé- 
rature de  quelques  milliers  de  degrés) dans  lesquels 
on  injecte  de  l'hydrogène  ou  du  deutérium  (fig.) 
ont  montré  la  présence  de  bandes  d'émissions  attri- 
buables  à  Ar  H  ou  Ar  D.  Les  jets  de  plasmas  étudiés 
sont  produits  par  arc  électrique  dans  un  convergent 
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puis  détendus  dans  un  caisson  basse  pression. 
Ces  plasmas  sont  étudiés  par  spectrométrie  optique 
dans  le  visible  et  l'ultraviolet  et  par  spectromé- 
trie de  masse  quadrupolaire  et  sonde  de  Langmuir. 

La  densité  électronique  est  obtenue  par  élar- 
gissement de  raies   \^\  ou  sonde  de  Langmuir,  la 
densité  des  différentes  espèces  d'ions  par  spectro- 
métrie de  masse  |^|  et  la  densité  de  métastables 
par  mesure  d'absorption  l | ,  la  température  élec- 
tronique étant  obtenue  par  sonde  de  Langmuir.  Ces 
études  montrent  que  les  principales  espèces  présen- 
tes dans  les  mélanges  Ar-H2  sont  : 

-  les  neutres  :  Ar,  Ar^,H2  et  H  (où  Ar^  désigne 
l'argon  métastable  ; 

-  les  ions  et  électrons  :  Ar  ,  Ar  H*  et  e~. 

L'émission  du  plasma  est  principalenent  liée  à 
la  présence  d'argon  métastable  Ar^  par  des  proces- 
sus du  type  : 

e  .  a/  _    a/  .  e 

où  Ar  désigne  un  atome  d'argon  dans  un  état  excité 
radiatif,  ou  encore  : 

M  « 

Ar    +  M  — y    M    +  Ar      (M  =  H,  Hj) 

suivi  de  déexcitation  radiative. 


On  observe  donc  de  plus  une  forte  émission  liée 
à  Ar  H     (ou  Ar  D*)   ;  cette  émission  étant  observée 
y  compris  pour  les  plus  bas  niveaux  de  densités 
(n  =  lO^'*  part.cm"^),  il  existe  un  processus  binai- 
re de  formation  ne  faisant  pas  intervenir  d'états 
radiatif s. 

Un  certain  nombre  de  processus  sont  envisagea- 
bles dont  le  plus  probable  : 

M  « 

Ar    +  — >•    Ar  H    +  H  endothermique  +  1,6  ev 

d'autres  possibilités  existent , bien  que  peu  proba- 
bles par  exemple  : 

M  +  +  « 

Ar    +  Ar  H  — >  Ar    +  Ar  H    endothermique  +  2,88 


L'étude  des  profils  de  densité  d'électrons, 
d'ions  et  de  métastables  et  des  intensités  de  ra- 
yonnement permet  de  définir  le  processus  prédomi- 
nant ainsi  que  l'ordre  de  grandeur  de  sa  vitesse. 
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CALCULATION  OF  THE  FREE-80UND  CONTINUUM  OF  RARE  GASES 
P.  Ranson  and  J.  Chapelle. 

C.R.P.H.T.  -  C.N.R.S.,  45045  Orléans  Cédex,  France. 


The  calculation  of  photoionization  cross  sec- 
tions which  is  the  subject  of  a  communication  at 
this  conférence  referred  to  as  used  to  dé- 

termine the  free  bound  continuum.  In  the  case  of 
rare  gas  atoms  (except  He),  if  the  température  is 
not  too  high,  ail  the  ions  of  the  plasma  are  in 
the  ground  state  which  is  a  doublet  termi  P3/2' 
^Pi/ol    separated  by  a  energy  différence  AE. 
So  it  is  necessary  to  distinguish  the  two  channels 
in' the  relation  between  photoionization  and  recom- 
bination  cross  sections.  The  émission  coefficient 
of  recombination  continuum  towards  a  level  1,  is 

where  n|,2  and  n^/j  are  the  ion  density  for  the 
two  States,  ng  the  électron  density,  an. 
are  the  recombination  cross  sections  of  th 


id  T?' 


M    .  2p  2       2p.^,,^         th.  .t.te  th.^..o,.. 

VI  and  Vo'and  the  frequency  V  are  connected  by 
the  relation  h  >)   =        +  5  r^v?  =  E.  +  i  mvg  when 
and  En  are  the  ionisation 
towards  the  two  ionic  States.  The  dis 
function  is  assumed  to  be  maxwellian. 


anergies  of  the  level  : 


Biberman  and  al  /2/  have  -"ntroduced 
or.  It  is  defined  for  a  waveienght A  a 
f  the  true  émission  coefficient  to  the 
■mission  coefficient  of  Kramers . 

c/v^  JjAiî;  ,  {à 


We  have  calculati 
;  (except  He)  with 

It  is  a  open  question  how 
lines  near  the  photoioniza 
<en  into  account .  The  use  o 
'  formulae  gives 


^  factor 
-■^hod  givei 


of  the  line  for 


which  the  width  is  equal  to  the  distano 


;  formulae  do  i 


pliration  of 
the  suddej)  variation 
of  the  factor 
which  is  not  observed 
experimentally .  There- 
fore  we  prefer  to  use 
the  form  described  by 
the  dashcd  line  on 
the  figure  1.  The  in- 
troduction of  this 
phenomenoa,  implies 
that  the  factor 
becomes  an  electro- 
density .dépendent 


The  results  of  the  calculated  ^  factor  are 
shown  on  figures  2  for  the  four  rare  gases  Ne,  Ar, 
Kr,  Xe.  respect ively  for  the  spectral  range  2000- 
10000  A  (named  "visible)  and  for  the  spectral  ran- 
ge 1-5  um  (named  "infrared")  and  for  an  électron 
density  of  10^5  cm-3.  It  should  be  noted  that  the 
influence  of  ne  is  not  the  same  in  the  visible 
;  as  in  the  infrared.  In  the  visible  range, 
oft"  threshold  is  shifted  towards  higher  wave- 
lengths,  but  in  the  infrared,  the  ^   factor  is 
increased  almost  uniformly  with  increasing  ne- 

Comparison  with  ^,chluter  results  /3/  and  with 
Hofsaess  results  /4/  for  sufficiently  low  ng  and 
T  =  8000  K  gives  relat ively  good  agreement  in  the 
visible  range.  In  the  infrared  the  results  of 
Biberman  and  al  /5/  are  nearly  équivalent  to  ours 
when  the  électron  density  is  low  (  <.  10J-'+  cm  à). 
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Threshold  form  of  émission  coefficient; 
dashed  line  :  selected  form. 
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:  ^  factor  for  rare  ^ases.    T  =  4000  K, 

 T  :  6000  K,  T  =  8000  K,  T  = 

10  000  K. 
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MEASUREMENTS  OF  THE  PRODUCTION  OF  NEON  2p  ATOMS  BY  D.SSOCIATIVE  RECOMBINATION 

L.W.G.  Steenhuijsen,  N.  Van  SchaiU.  L.C.A.M.  Van  de  Nieuwenhuyzen.  F.H.P.  Verspaget. 

Eiruihoven  Vniversity  of  Technology,  Eindhoven,  The  Netherlands. 


Introduction.  Déterminée!  were  in  neon  the  partial 
recombination  coefficients  of  the  2p  levels,  the 
relative  population  of  the  2p  levels  and  the  re- 
combination distribution  fractions  of  the  Is  level.. 
We  used  neon  discharges  with  d  =  31  nm,  pressure 
p  =  20,  50,   100  torr  and  current  I  =  22  mA.  The 
measurements  were  carried  out  in  the  afterglow  of 
the  discharge  The  afterglow  radiation  can  be 

ascribed  to  dissociative  recombination  of  molecular 


ele. 


Ne^ 


K  Ne*(ls) 


(1) 


ap- (t) 


.(t)n^(t)  -  A*p.(t) 


(2) 


.n  p.(t) 
L  g  J 


In  this  process  highly  excited  atoms  are  produced 
which  cascade  in  a  stepwise  manner  to  one  of  the  2p 
levels  and  from  here  finally  deexcite  by  radiation 
to  a  Is  level.  Thèse  last  transitions  cause  the  ra- 
diation which  we  have  measured.  The  recombination 
coefficient  o.^  can  be  splitted  in  a  number  of  part- 
ial recombination  coefficients  az-,  which  each  des- 
cribe  the  recombination  yield  for  each  of  the 
various  2p  levels.  Here  we  assume  that  transitions 
between  the  Is  levels  and  levels  above  2p  are  ne- 
gligible.  In  the  afterglow  the  various  2p  levels 
are  populated  in  2  ways:  firstly  from  recombination 
as  described  above,  secondly  from  atomic  collisional 
transfer  between  the  2p  levels.  Thèse  mutual  trans- 
fers prevent  the  possibility  to  détermine  the 
coefficients  directly  from  the  spectral  distribution 
of  the  ls-2p  transitions.  We  have  measured  also  the 
Goupling  coefficients  K. ^  between  the  2p  levels  i 
and  j.  By  taking  the  atomic  coupling  into  account 
the  values  of  a^^  have  been  determined. 

Détermination  of  the  partial  recombination 
coefficient.  In  the  afterglow  the  électron  temperatui 
decreases  quickly  (at  100  torr  in  20  ps)  to  the  gas 
température.  So  the  2p  levels  are  populated  only  by 
the  process  of  dissociative  recombination.  Assuming 
that  the  atomic  ion  density  can  be  neglected,  the 
rate  équation  for  each  2p  level  can  be  written  as: 


p.(t)  is  the  density  of  level  2p.  at  time  t  in  the 
afterglow;  a''  is  the  overall  probability  of  spon- 
taneous  transitions  to  the  Is  levels  for  level  2p. 
(a'^  =  ^  2^'l'  "^''^  ^il  spontaneous  transition 

probabiUtî^rom  2p.\o  Is^);  K..  is  the^oef f icient 
of  atomic  collisional  transfer  from  level  2p^  to 
level  2p.;  n^  is  the  ground  state   atom  density. 
In  formula  (2)  we  have  neglected  the  électron 
coupling  between  the  2p  levels,  because  of  the  low 
électron  température.  For  ail  2p  levels  together  we 


10    3p. (t) 


I 


XOnfCt) 


l  A 
i=l 


.*p.(t) 


(3) 


The  terms  containing  the  coupling  coefficients  K^^ 
disappear  because  the  influence  of  the  "intern" 
transfers  cancel  out  each  other.  From  (3)  foUows: 


10  3p.(t) 


A*p. (t) 


In  the  remainder  of  this  chap 


(4) 


je  will  omit  the 
le  indication  unless  it  will  be  necessary.  Subst: 
ion  of  n^  in  (2)  and  dividing  by  p.  gives: 


IK. 


Je  have  measured  in  the  afterglow  the  tinîe  courses 
of  the  relative  intensities  of  the  spectral  lines 
originating  from  each  individual  2pj  -  Is^  transition 
(j  =  1...10,   1  =  2...  5).  The  measured  signal  1^^^ 
according  to  each  of  thèse  transitions  is 
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^'ith  Hj-]^  the  détection  coefficient 
mental  set  up ,  which  is  dépendent 
Ileplacing  in  (5)  pj  by  I^j^/Oj^A^^ 


of  the  experi- 
on  wavelength. 


^1  (_ 

n.,A.,i..  ^1 
Ji  Jl  il 


) 


In  relation  (7)  we  have  determined  ail  quantities 
which  are  necessary  to  calculate  a^^.  The  value  of 
((l/I.  j^).  Ol^j^/St))  follows  from  our  measurements  of 
I        However  we  note  that  thèse  values  are  very  small 

il   ■  y. 

compared  with  the  value  of  A.  and  so  may  be  neglectec  . 

In  (7)  we  need  the  relative  values  of  the  détection 

coefficients  n^^^,  which  we  have  calibrated  with  the 

use  of  a  tungsten  ribbon  lamp.  From  littérature  we 

have  taken  values  for  A^^^        and  «2       .  n^  has  been 

calculated  for  the  tubes  used.  The  coupling 

coefficients  K. .  are  measured  also  ^\ 
ij      .  ■ 

We  have  measured  a^^^  in  a  100,  50  and  :'0  <-orr  tv'  - . 

However  also  the  disturbing  terms  of  the  atomic 

collisional  transfer  increase  with  the  gas  pressure. 

This  is  disadvantageous  because  in  formula  (7)  the 

terms  containing  K  ,  and  K..  are  rather  inaccurate. 

ij  . 
For  this  reason  we  have  determined  a^^  also  at  20 

torr  where  this  effect  is  5  times  smaller.  Table  I 

gives  a  survey  of  the  expérimental  results  for  '^2i' 

The  inaccuracy  is  +  15  %. 

With  relation  (6)  we  can  détermine  the  relative 
densitii 


;  of  the  2p.  levels: 
Pi  _  ^il  'IjK^KT 


J 


il 


(8) 


Figure  1  gives  the  relative  densities  of  the  2p. 
levels  for  pressures  of  20,  50  and  100  torr.  The 
inaccuracies  are  mainly  determined  by  the  in- 
accuracies  of  the  transition  probabilities 
The  recombination  distribution  fractions  give  the 
fraction  of  the  recombination  yield  produced  in  the 
levels  Is^,   Is^,   Is^  and  IS2  respectively .  The 
fraction  f     (1  =  5,4,3,2)  can  be  written  as 


The  results  are  given  in  table  2.  They  are  in  good 
agreement  with  lit. (5). 
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Introduction.  Transfer  reactions  between  the 
various  2p  levels  are  caused  by  collisions  of  2p 
atoms  with  ground  state  atoms.  The  number  of  trans- 
fer reactions  from  level  2p.  to  level  2p.   in  unit 
time  interval  is: 


10 


10 


(1) 


ij  g 


Here  : 


and  p.  are  the  densities  of  the  levels  2p. 
(i=  1.^..10)  and  the  ground  state  level  respect- 
ively;  K.  .  is  the  coefficient  of  coUisional  trans- 
fer between  the  levels  p^^  and  p ^ . 

Measurements  on  coUisional  transfer  reactions^in 
neon  have  been  reported  by  Grandin  '    ,  Coolen 
and  Smits       .  Except  Coolen  they  have  made  use  of  a 
continuous  discharge.  Coolen  used  a  plasma  which 
was  generated  by  a  proton  beam.  We  have  measured 
the  coupling  coefficients  K. .   in  the  afterglow  by 
means  of  sélective  excitation  of  the  2p  levels  froir 
the  is  levels  by  irradiation  with  a  dye  laser  beam. 
Our  plasma  is  characterised  by  a)  a  low  électron 
température,  b)  the  population  of  the  2p  levels  is 
produced  by  dissociative  recombination  (no  excit- 
ation from  the  Is  levels),  c)  the  energy  of  the  2p 
atoms  is  quite  large        1  eV),  because  the  dis- 
sociative recombination  is  a  radiationless  process 
4,5,6) 


Le  energy  may  have  an  in~ 
coupling  directly  after  the 


SiVi  (2) 


p.   is  the  density  of  the  2p.   level;  <x^^  is  the 
partial  recombination  coefficient;  n^  is  the  élec- 
tron density;A^  is  the  total  transistion  probability 
for  the  2p.  level;        is  the  neutral,  itom  density, 
K..  is  the  coefficient  for  coUisional  transfer  of 
excitation  from  the  2p.   to  the  2p.  level;  for  mathe- 
matical  convenience  we  define  K..=l  for  ail  j=l,..li 
The  right  hand  terms  of  (2)  represent  respectively 
the  dissociative  recombination,  the  spontaneous  ra- 
diation, the  coUisional  transfer  from  level  2p.  to 
level  2p.  and  the  coUisional  transfer  of  2p,  to  2p.. 
We  define  p^  as  the  density  of  level  2p.   in  case 
level  2Vy  is  populated  extra  by  direct  excitation  of 
,s  atoms  due  to  laser  irradiation.  The  laser 
irradiation  has  no  influence  on  the  dissociative  re- 
combination which  is  the  populating  process  for  the 
els.  So  in  the  disturbed  afterglow  the  decay 


2p  leveli 
of  level  2p. 


1  be  described  i 


(3) 


the  high  atom 
fluence  on  the  atomic 
recombination. 

It  is  clear  that  measurements  of  atomic  coupling  in 
an  afterglow  have  the  advantage  of  the  absence  of 
électron  excitation.  Irradiation  of  the  plasma  with 
a  laser  beam  does  not  influence  the  studied  process. 
We  performed  our  measurements  in  the  afterglow 
period  of  a  neon  discharge  (d  =  31  mm)  at  gas 
pressures  of  5,20,50  and  100  torr;  the  discharge 
current  was  22  mA. 

Cal'culation  of  the  transfer  coefficients.  The  decay 
rate  of  a  2p.   level  in  the  undisturbed  afterglow 
(no  laser  irradiation)  may  be  described  as  2.3). 


From  our  measurements  we  know  that    —  —  and 

_±  <<  A^.  This  means  in  équation  (2)  and  (3)  the 
Pi  3t  ^  k 

left  terms  can  be  taken  as  zéro.  We  defme  Ap.  = 
D^-D  (i  k=  1...10);  then  subtraction  of  (2)  from  (3) 

i     i     '  k  . 

and  subséquent  dividing  by  Ap^^  gives: 


Ap" 


Ap 


When  l'^^  is  the  intensity  of  the  2p. -Is^  transition 
in  case  level  is  irradiated  and  I.^  is  the  in- 

tensity of  the  same  transition  when  there  is  no 
laser  irradiation  then  is  our  measured  fluorescence 
signal  given  by  Iji-Iji'  thèse  signais  we  car. 

détermine  the  factor  Ap^/Apjj  as  foUows: 
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efficiency  for  the  transition  2p.  ->■  Is,. 

J  1 

Relation  4  represents  a  System  of  100  linear 
équations. in  which  the  K.j   are  the  unknown.  This 
System  has  been  solved  with  the  ^j-^qq  digital  com- 
puter of  EUT. 

Because  we  did  not  have  at  our  disposai  a  laser  wave- 
length  above  660  nm,  we  could  not  excite  a  Is  level 
to  the  2pjg  level.  However  the  energy  gap  between 
the  2pjQ  and  2pg  level  is  so  large  that  collisional 
transfer  from  2p to  2pg  (or  a  higher  2p  level)  may 
be  neglected.  So  we  présume  K^^.  =  0  for  j  =  2... 9; 
for  the  same  reason  we  take  (ApjO)/Ap]^)  =  0. 


^Expérimental  réalisation.  The  expérimental  set  up  is 
described  in  détail  in  lit.  We  have  measured  the 

fluorescence  radiation  AI^^  during  3  time-intervàls  , 
with  10  ys  length  each;  thèse  intervais  were 
-entered  at  t  =  40,  60  and  80  ps.  Every  2p  level 
(except  level  2p|^)  was  populated  extra  by  irradiat- 
ing  the  plasma  with  the  dye  laser  beam.  Every  turn 
the  complète  fluorescence  was  detected  (with  except- 
ion of  the  Unes  X  =  540  nm,  613  nm,  665  nm,   702  nm 
and  808  nm,  which  are  too  weak).  In  this  way  we  mea- 
sured the  respective  factors  Ap'^  (j=1....10;  k=1...9) 
For  solution  of  (4)  we  need  Ap^^/Ap^.  To  be  able  to 
measure  Ap^  and  Ap^  simultaneously  we  have  set  up 
two  détection  Systems,  at  both  sides  of  the  discharge 
tube.  The  monochromator  of  one  détection  System  is 
adjusted  to  one  of  the  spectral  Unes  which  originate 
from  the  excited  2p^  level  (preferably  not: the  laser 
wavelength).  The  other  détection  System  measured  the 
fluorescence  spectrum.   In  this  way  ail  fluctuations 
in  the  laser  beam  power  and/or  wavelength  can  be 
taken  into  account  in  àp^/Ap^. 


In  table  1  we  give  also  the  influence  of  variations 
in  the  value  of  Ap'^^  /  Ap|^  on  the  values  of  K     .  The 
results  are  in  good  agreement  with  the  results  ob- 
tained  by  Smits        and  Coolen  ^\ 
Références 

1)  J.P.  Grandin  et  al.,  J,  de  Phys.  36,  787  (1975). 

2)  F. CM.  Coolen  et  al.,  Physica  93C,   131  (1978). 

3)  R.M.M.  Smits,  thesis  EUT  (1977). 

M.   Prins  et  al,  proc.    ICPIG  13  (1977)„ 

4)  A.  Ropers  et  al.,  Phys.  Rev.    134,  A1215  (1964). 

5)  T.  Conner  et  al.,  Phys.  Rev.    140,  A778,  (1965). 

6)  L.  Fromhold  et  al.,  Phys.  Rev.    185,  244  (1969). 

7)  L.W.G.  Steenhuijsen,  thesis  EUT  (1979). 


Expérimental  results.  In  table  1  the  experimentally 
obtained  values  of  K^^  are  given.  The  given  values 
are  found  as  the  average  of  the  results  at  gas 
pressures  5,  20,  50  and  100  torr  ail  at  a  discharge 
carrent  of  22  mA.  In  gênerai  a  dependence  of  K. .  on 
the  gas  pressure  could  not  be  determined  within  the 
accuracy  boundaries.  Table  2  gives  the  values  for 
those  coefficients  in  dependence  of  the  pressure. 
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The  nechanisms  of  the  energy  transfer  between  metas- 
table  and  ionic  species  of  the  rare  gases  and  metal- 
lic  atoms  are  responsible  for  the  laser  action  in 
rare  gas-metal  vapor  discharge.  Knowledge  of  the 
mechanisms  of  the  production  and  loss  of  the  metal- 
lic  species  in  a  rare  gas  plasma  is"  therefore  very 
inportant.  The  pulsed  afterglow  technique  has  al- 
ready  been  used  to  study  the  excited  metallic  ion 
production  in  He-Cd,  He-Zn  (1)  and  He-Pb  (2)  dis- 
charge. In  thèse  experiments,  the  discharge  cell 
containing  métal  pellets  is  placed  inside  an  oven 
to  produce  the  netal  vapor  at  desired  pressure.  But 
this  technique  cannot  be  used  for  the  metals  having 
a  high  boiling  point.  Por  example  a  density  of  10 
atoms  cm"^  is  obtained  at  210°C  for  Zinc  but  at 
1300°C  for  Titanium. 

A  sinple  way  to  produce  thèse  métal  vapors  is  the 
hollow  cathode  dischar^  (3).  The  practical  advan- 
tage  of  this  process  is  that  the  métal  vapor  is  ge- 
netared  by  the  cathode  sputtering  at  room  tenpera- 
ture. 

In  this  communication  we  report  the  first  results 
obtained  in  the  afterglow  of  a  Titanium  hollow 
cathode  in  Argon. 

Pig.  (1)  shows  the  expérimental  set  up.  The  Titani- 
um cylindrical  cathode  («5^^  =  9  mm,  «,  =  25  mm)  is 
located  inside  a  quartz  cell.  The  Argon  buffer  gas 
pressure  is  varies  from  0.2  to  5  torr  and  the  gas 
flow  is  about  1  m  sec"'''.  The  discharge  current  and 
duration  are  about  20  mA  and  100  ysec  respectively . 
The  densities  of  the  Titanium  atoms  and  ions  in 
their  ground  states  and  Argon  metastable  atoms  was 


ïïeasured  by  the  optical  absorption  technique  (4). 
Por  both  émission  intensity  and  absorption  measure- 
iTBnts,  the  photon  counting  and  the  data  accumula- 
tion techniques  (5)  were  used. 


Pig. 


(2)  shows  the  évolution  of  the  population 


Of 


the  3  fine  structure  levels  a-^Pp,  a^P^  and  a-'Pj,  (at 


0,  170  and  387  cm  respectively)  of  the  Titanium 
ground  state  atoms  in  a  O.3I  torr  Argon  afterglow. 
In  this  figure  we  can  observe  :  i)  Titanium  atom 

11  -3 
density  obtained  is  about  10     atoms  cm  ^.  ii)  dur- 

ing  the  discharge  the  populations  of  the  three  a^Pj 
levels  are  in  equilibrium  by  collisions  with  the 
ener^tic  électrons  of  the  dischar^  but  at  late 
afterglow  they  are  in  equilibrium  by  collisions 
with  the  Argon  atoms  at  room  tenperature.  iii)  dur- 


Pig.  1  :  Expérimental  arrangement 
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Pig.  2  :  Time  variation  of  the  Ti(a^Pj)  density  in 
a  0.31  torr  Argon  afterglow 
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ing  the  first  100  usée  of  the  afterglow  there  is  a 
transfer  of  population  from  the  a^P^  to  the  a%-j 
and  a^P^  and  from  a^P^  to  a-^P^.  iv)  in  late  after- 
glow the  population  of  the  a^Pj  levels  decays  accord- 
ing  to  an  e)ç>onential  law  with  a  decay  time  propor- 
tional  to  the  Argon  atom  density,  Fig.  (3).  From 
this  last  observation  we  can  conclude  that  the  prin- 
cipal mechanism  of  the  loss  of  the  métal  vapor  den- 
sity in  the  afterglow  is  the  diffusion  of  the  Tita- 
nium  atoms  across  the  buffer  gas  and  their  déposi- 
tion on  the  cathode  wall.  The  decay  tirre  (t)  of  the 
Ti(a^Pj)  atoms  in  Argon  afterglow  is  t  =         ,  where 
N  is  the  Argon  atom  density,  A  is  the  diffusion  lengh 
and       is  the  diffusion  coefficient.  Prom  the  slope 
of  Fig.  (3)  we  can  deduce  :  D„  =  3-1  lO'''^  atoms  cm""^ 
sec 

We  have  also  observed  the  population  of  the  some  ex- 
cited  levels  of  Ar,  Ar  ,  Ti  and  Ti  in  the  afterglow. 
Fig.  (4)  shows  the  time  variation  of  the  population 

■*(4p  ^D°/2),  Ti*(y  ^G°) 
and  Ti^"(z  "^0^,^)  levels.  The  lifetirre  of  ail  thèse 
the  obser- 


of  the  Ar  (5p[5/2]^) 
'  ^7/2 

levels  being  of  the  order  of  10' 


ved  tiiiB  variation  is  that  of  the  mechanisms  res- 
ponsible  for  the  population  of  thèse  levels  in  af- 
terglow. For  the  Ti*,  Ar*  and  Ar"*"*  populations,  we 
find  the  well  known  behaviour  of  the  electron-ion 
recombination  populated  levels,  the  involved  ions 
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Variation  of  the  decay  time  of  the  Ti(a^Fj) 
atoms  versus  the  Argon  atom  density 


Tim«  (^S) 

Fig.  i|  :  Time  variation  of  the  population  of  Ar  , 

Ar"^*,  Ti*,  Ti"^  and  Ti"*"*  in  a  0.6  torr  Argon 
afterglow. 

being  Ti^,  Ar"*"  and  Ar^*  respective ly.  On  the  other 
hand,  the  behaviour  of  the  intensity  decay  of  the 
whole  Ti  II  transitions  is  entirely  différent  and 
seems  to  show  that  the  (Ti"*")    levels  are  populated 
by  an  energy  transfer  process.  The  similarity  in 
population  of  ail  the  (Ti  )    levels  seems  point 
out  that  the  excitation  mechanism  is  a  charge  trans- 
fer process  Ar    +  Ti  -»■  Ar  +  (Ti  )    +  AE  rather  than 
the  Penning  ionization  by  Argon  netastable  atoms. 
The  tiiTB  decay  of  the  ground  state  Ti    ions,  obtai- 
ned  by  optical  absorption  measurements  is  also 
shown  in  Fig.  (4) . 
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Abstract.  The  kinetics  of  xénon  excitation 
and  ionïzatiou  and  oî  the  électron  gas  hea" 
ting  aliead  ol  the  shock  front  uere  studied 
tlieoretically  for  the  Mach  number  range  14 
to  20  and  iaitial  pressure  p  -  5  Hg.The 
ionization  kinetics  of  xénon  atoms  was 
found  to  differ  substantially  froui  that  of 
;ireon.  In  this  case  one  should  take  sii;ml- 
tiiieously  luto  account  Loth  associative 
ionization  and  phot oionizatlon,   the  latter 
becoming  prédominant  in  t-he  charged  partic- 
le  production  m  xénon  with  increasing 
strength  oi  the  incident  shock.  The  theore- 
tical  prédictions  lor  the  électron  density 
are  oompared  with  expérimental  values. 

As  bas  been  established  earlier  /1,  'V  > 
photoionizatiou  in  the  argon  precursors 
cannot  account  ior  expérimental  values  of 
the  électron  density  aliead  of  a  shock  even 
when  the  reflection  of  line  and  continuum 
radiation  from  thy  tube  walls  is  included. 
The  dominant  mecuanism  of  charged  particle 
production  in  argon  is  associative  ioniza- 
tion of  the  Wolner-type  ïhe  présent 
Work  deals  with  a  study  of  the  kinetics  of 
fundamental  processes  in  the  xénon  precur- 
sors with  the  purpose  of  determining  the 
prédominant  mochanism  of  ionization.  ihe 
radiative  and  oollisional  processes  consi- 
dered  xénon  atoms  xn  résonance  and  highly 
excited  states  in  uhe  photoexcitation  of 
ground  state  atoms  and  their  radiative  and 
cascade  transition  relaxation  the  the 
ground  state;  (2)  photoionization  of  atoms 
from  the  ground  and  résonance  states) ; 
(5)  Excitation  of  atoms  from  the  ground 
into  résonance  states  aud  the  processes  of 
their  de-excitation  and  ionization  by  éle- 
ctron impact;  (4)  Associative  ionization 
involving  an  atom  in  a  highly  excited  Hid- 

berg  state  ^      ~*  ^^^"^ 

ssociaiive  recombination;  (5)  lonic  conver- 
sion     Xe^*  Xe  +  Ul^iQ. 

When  constructing  the  unergy  balance 
équation  for  ihe  électron  gas,  we  included, 
apart  from  elastic  and  inelastic  électron 


collisions  with  atoms,  also  the  changes  in 
the  électron  gas  energy  mvolved  in  the 
photoionization,  associative  ionization 
and  dis&ociative  recombination  processes. 
The  rôle  of  various  ttidberg  states  oî 


participating  in 


tue  associa- 


tive  ionization  reaction  /V  ^^^"^ 
studied.  ciince  the  oscillator  stren^ths 
for  the  transitions  mto  thèse  states 
differ  substantially  Irom  one  another,  the 
contribution  of  the  atoms  to  the  charged 
particle  production  is  not  the  same.  The 
largest  and  almost  equal  contributions  co- 
rne from  atoms  in  the  6d  an<i  5ti' 

states,  the  smallest  one  being  due 
to  thi  7«i  state.  The  différence 

in  the  molecular  ion  densities  for  thèse 
cases  is  a  factor  of        10  . 

The  resuiting  system  of  différentiel 
équations  describing  the  kinetics  of  élect- 
ron gas  excitation,   ionization  and  heating 
with  asymptotic  bounaary  conuitions  was 
solved  numerically  by  the  ilunt,e-Kut ta  me- 
thod. 

ïhe  results  oî  aie  computations  show 
that  whiliB  the  excitation  kinetics  of  the 
inert  gases  are  the  saut,  the  ionization 
kinetics  of  xénon  Jiffers  maruedly  from 
that  of  argon.  This  is  due  pri^uariiy  to 
the  high  photoionikiation  cross  section  of 
excited  xénon  atoms  which  exceeds  by  about 
20  times  that  of  argon.  The  photoionizati- 
on cross  section  of  the  bs  [^1]^     >  réso- 
nance level  was  calculât ed  by  the  metuod 
of  hurgess-iieaton  /5/,   its  value  at  the 
threshold  being  3 .6  X  lo"      cm  . 

Fig.l  présents  ionization  rates  vs, dis- 
tance from  the  shoci.  front  in  units  of  tu- 
be radius  (.il  =  5  cm),  in  contrust  to  argon, 
wiiere  the  production  ol  charged  particles 
is  determineJ  predouinantly  by  associative 
ionization  wiiile  the  pliotoionization  pro- 
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9      «     o  y 

Flg.l.  lonlzation  rate  profiles  ( cm~^s~''') . 

Solid  curve:  exclted  state  pliotoio- 
nlzation  rate;  Dashed  curve:  asso- 
ciative ionlzation  rate, 
1:  M=14  without  reflection. 
2:  M=20  without  reflection, 
3:  W20  with  reflection, 

 \  \  \  1 


8  I  \  \  \  1 

5     10     «  y 

Flg.2,  Electron  density  profiles  (cm~^), 
Solid  curves:  theory  for  the  cases 
In  the  preceding  figure; 
Dashed  curves:  data  obtained  by  mlc- 
rowave  Interf erometry  /6/, 

cesses  are  negllgible,  in  xenoïi'  at    ^  "  1 
the  probahilities  of  photoionization  (ph) 
and  associative  ionlzation  (As)  become  com- 
parable already  at  M=l4,  the  ( Ph)  rate  ex- 
ceedlng  the  (As)  rate  in  the  immédiate  vl- 
cinity  of  the  shock  front, 

The  compétitive  rôle  of  the  photoioniza- 
tion of  exclted  states  compared  with  the 
jMTOcess  of  associative  ionlzation  Inereas- 


es  substantially  uxth  increasing  kach  num- 
ber  and  ^vhen  taking  into  account  the  ref- 
lection oi  radiation  froui  the  walls.  Inde- 
ed,  even  without  the  inclusion  of  reflecti- 
on,  (Ph)   exceeds  (As)   by  an  order  of  magni- 
tude near  the  ohocic  Iront  at  ii=2o .  Thèse 
processes  beooiiie  comparable  here  at  a  much 
larger  distance  from  the  front  (  ^  -'lû) 
than  is  the  case  at  ii=l4.  Taking  the  ref- 
lection into  account  increases  substanti- 
ally the  rôle  of  the  excited  state  photo- 
ionization. As  a  resuit,   the  photoionizati- 
on process  becomes  prédominant  throut^iiout 
the  range  of    ^  considered. 

Note  that  as  tue  photoionization  effici- 
ency  increases,   the  efliciency  oî  the  ato- 
mic-to-molecular  ion  conversion  as  well  as 
of  the  dissociative  recombination  process 
wlll  likewise  increase  accordingly,  indeed, 
at  k=2o  the  ion  conversion  rate  throughout 
the  range  of   ^     considered  exceeds  the  as- 
sociative ionlzation  rate  il  the  radiation 
reflection  is  considered,   so  that  under  the 
se  conditions  the  iaolecular  ions  should 
foru  priùiarily  by  v^ay  of  conversion  of  ato- 
mic  ions  rather  than  in  the  course  of  the 
associative  ionlzation  process  as  was  the 
case  for  ii=l4, 

Fig.2  shows  the  theoretical  and  expéri- 
mental profiles  of  électron  uensity.  A  com- 
parison  of  the  resuit  s  indicates  a  satis- 
factory  agreement  between  ohe  expérimental 
and  theoretical  data  and  a  qualitatively 
good  fit  of  tlie  calculated  électron  densi- 
ties  for  the  case  of  radiation-ref lecting 
walls  Lo  the  expérimental  dependence  on  ^  . 
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30yusec.  Such  a  duration  is  necessary  for 
the  relaxation  of  strata  arising  at  the 
initial  instant  of  the  non-self-maint ain- 
ed  discharge  burning  at  E/P:^II  v/cm  torr 


The  advance  in  the  physics  of  lasers 
based  on  molecular  gases  excited  by  non- 
self-sustained  discharges  has  made  it  es- 
sential  to  understand  the  élément ary  pro- 
cesses occurring  in  the  plasma  of  such 
gases.  In  the  working  mixture  of  the  CO2- 
lasers,  one  can  often  find  the  molécules 
of  oxygen,  which  is  one  of  the  typical 
electronegative  gases.  Accordingly,  one 
should  know  the  constants  of  électron  at- 
tachment  to  oxygen  at  discharge  parameters 
characteristic  of  GO^  lasers,  i.e.,  the 
E/P  ratio  ranging  from  5  to  15  v/cm  torr. 

The  présent  paper  deals  with  the  pro- 
cesses of  électron  attachment  in  a  plasma 
produced  by  an  électron  beam.  The  beam  of 
lOO-keV  électrons  with  current  density  to 
400juA/cm^  was  produced  by  an  électron 
g\in  and  injected  through  an  aluminum  foil 
into  a  quartz  discharge  chamber.  The  feed- 
ing  System  of  the  électron  gun  make  it 
possible  to  vary  the  duration  of  the  ele- 
ctron-beam  current  puise  from  0,5  to  600 


jise 


.  While  the  discharge  was  burning  and 


the  plasma  was  decaying,  the  discharge- 
chamber  voltage  was  kept  constant. 

Expérimental  resuit s.  The  constants  of 
électron  attachment  to  oxygen  were  dete3>- 
mi^ed  from  the  plasma  decay  ra-6©.  In  ail 
the  experiments,  plasma  was  produced  by 
fast  électron  beam  puises  of  longer  than 


[l].    Fig.  I  shows  the  dependences  of  the 
inverse  plasma-electron  density,  on 
the  time  t  elapsed  after  the  switching- 
off  of  the  électron  beam.  The  curves  are 
constructed  for  gas  mixtures  consisting 
of  80%  of  nitrogen  and  20%  of  oxygen  at  a 
p3?essure  of  90  torr.  The  initial  section 

JL 
/2e 

garithmic  scale  a  straight  line.  With  in- 

creasing  E/P  it  is  only  the  inclination 

of  the  line  that  is  changed.  A  second 

part  of  the  decay  curve  shows  the  slow- 

ing  down  of  the  plasma  decay  which  is  the 

more  drastic  the  higher  the  E/P  ratio  be- 

comes.  Moreover,  with  increasing  E/P,  the 

beginning  of  that  section  shifts  toward 

the  increasing  higher  électron  densities, 

J_ 

n, 

for  the  cases  of  decay  of  plasmas  with 
various  initial  électron  concentrations 
have  revealed  that  the  inclination  of  the 
initial  part  of  the  curve  is  independent 
of  électron  concentration,  whereas  the  in- 
clination of  the  second  part  shows  a  sig- 
nificant  dependence  on  it. 

To  clarify  the  rôle  of  nitrogen  and 
oxygen  as  a  third  body  in  the  process  of 
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électron  attachment  to  the  O2  molécule,  we 

have  studied  the  dependence  of  the  plasma 

decay  rate  oL  on  oxygen  concentration  P-^ 

^2 

at  a  given  total  gas  pressure  (Fig.2), 

We  have  measured  also  the  dependence  of 
the  steady-state  current  of  the  non-self- 
maintained  discharge  on  the  electron-beam 
current  density  Jg  at  E/P=I3  v/cm  torr. 
The  discharge  current  has  turned  eut  to  be 
rather  accurately,  proportional  to  the 
électron  beam  current. 

Discussion.  The  fact  that  the  initial 
part  of  the  plasma  decay  curve  represents , 
on  a  logarithmic  scale,  a  straight  line 
and  that  the  inclination  of  this  line  is 
indépendant  of  initial  électron  concentra- 
tion enables  one  to  conclude  that  the  ini- 
tial part  of  the  curve  describes  pure  at- 
tachment of  électrons  to  oxygen  molécules. 
The  decrease  of  relaxation  rate  with  in- 
creasing  E/P  (Fig.I)  and  the  proportiona- 
lity  otoi/Y      to         suggest  that  the  ob- 
served  attachment  is  three-body.  Fig.5  pré- 
sents the  dépendances  of  the  constants  of 
the  three-body  électron  attachment  to  oxy- 
gen, Kp,    and  K,.    on  E/P  obtained  from  an 
^2  ^2 

exaraination  of  the  straight  lines  in  fig.2, 
One  observes  a  reasonable  agreement  with 
the  results  of  /2/  and  /5/.  An  abrupt 
change  in  the  character  of  plasma  decay 
occurring  with  decreasing  électron  density 
appears  to  be  due  to  a  significant  redistri- 
bution of  the  electric  field  and  charge 
density  during  the  interval  after  switching 
off  the  source  of  ionization.  This  is  also 
confirmed  by  the  fact  that  the  character 
of  plasma  decay  is  entirely  independent  of 
the  duration  of  the  electron-beam  puise 


when  it  lasts  from  O.5  to  600  yusec. 
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CDN  CHARGE-EXCHANGE  OF  IONS  IN  PLASMA 
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An  influence  of  plasma  particles  on  " 
exchanging  System  is  displaied  in  two  wa- 
ys.  On  the  on  hand  particles  at  distances 
r^r^Sïn"-^^^  acting  as  statistically  in- 
dependent  ones  cause  the  appearance  of  an 
effective  detuning  <H^>  and  electron-ind- 
uced  charge-exchange^.  On  the  other  hand 
exchanging  System  is  under  the  action  of 
particles  being  at  the  distances  r>r^. 
Their  influence  cannot  be  considered  as 
statistically  independent  be cause  of  the 
strong  spatial  corrélations. 

This  report  deals  with  investigation 
of  the  effect  of  plasma  polarization  on 
the  résonant  charge-exchange .  The  ion  ent- 
ering  the  reaction  induces  a  spatial  char- 
ge in  plasma;  its  potential 


S(r,t) 


q      f  dk  j 


lecular  terms  for  such  slow  collisions  are 
accompanied  by  the  rebuilding  of  the  scre- 
ening  cloud.  Une  can  show,  that  under  thè- 
se conditions  the  interaction  of  the  exch- 
anging couple  with  the  near-by  particles 
1,2 

will  be  dominant 

b)  A^I.  In  this  case  transitions  of  the 
localized  électron  between  the  moving  cen- 
ters  in  the  vicinity  of  two  critical  poi- 
ts  R^j^  and  occur  in  plasma  microfield 

with  strength  to  dépend  on  the  velocity  of 
ion  entering  the  reaction.  Since  with  the 
logarithmic  accuracy  R^j  =  =  fo'™® 

express  the  energy  différence  between  the 
the  States 

ô$(r,t)| 


CD 


•R 

I  r=v^t 


.  exp(ik(r  -  y^'^)) 
détermines  the  ion-plasma  interaction  en- 
ergy. Here  e  is  dielectric  response  fonct- 
ion, Vq  is  ion  velocity. 

The  mechanism  of  the  effective  defect 
formation  connected  with  collective  inter- 
actions is  defined  by  parameter  A  =  w^'t  , 
where  is  the  électron  plasma  frequency  , 
X  is  the  propagation  time  between  the  cri- 
tical points. 

a)  A»I.  Transitions  between  the  quasimo  - 


for  the  critical  points  as 
H(Hcl)   =  ^^«c2)   =  —  I/Po 


(2) 


where  u=cos(îc'rvQ) ,  j3  is  the  impact  parame- 
ter. 

2  2 

The  crude  estimate  gives  us  H^q^p^k^. 

-2  2/3 

•L,  therefore  the  ratio  H/<H>~IO    g  L 
(L  is  coulomb  logarithm,  g  =  k^n""'").  It 
follows  that  such  plasma  parameters  exist 
where  the  energy  différence  of  the  quasi  - 
molecular  terms  is  due  to  the  collective 
phenomena.  Let  us  study  this  effect  for  se- 
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veral  concrète  conditions. 

Equilibrium  plasma. The  response  function 


wnere  o       ,z  o 

W(z)  =  I  -  z  exp(-z^/2)  \    dy  exp(y^/ 

2)  +  i(x/2)^/2.2.g^p(_^2/2). 


C3) 


Tnen  

H  =  q^k^  Vf  0  -  f    ^^^^^  ' 

Here  GCx)  =  (P(x;  -  xPCx))/2x2,  P(x)  is 
the  intégral  oi"  probability,  x  =  ^e^^Te 
Nonequilibrium  stable  plasma.  Tidman-Dup  - 
ree  model^for  two-temperature  électron  gaa 
In  this  case  ^ 

e„(E,«)  =  I  +  -Slw(- 


where  a  =  (T/T)  '  .  The  effective  defect 
in  this  System  can  be  written  in  the  form 


G(x)(I  +  SB(a,x)),  C^) 


where  B(a,x)  =    F(ax)  -  axP(ax) 
'  ^  P(x)  -  xPXx; 

As  we  can  see,  the  magnitude  of  the  defect 

is  proportional  to  the  numbers  of  fast  pa- 

rticles. 

Turbulent  plasma.  As  an  example  of  turbul- 
ent System  let  us  consider  a  collision  - 
less  unmagnetized  plasma  with  developed 
electrostatic  turbulence.  When  the  auto  - 
corrélation  time  or  the  field  fluctuations 
is  less  than  time  for  résonant  particles 
to  diffuse  in  the  wave  number  space,  the 
expression  for  a  dielectric  function  takes 
a  form'^ 

Â  < 

g,  (.E,co)  =  I  +  -S  W(z)  +  r%  F(z).D  ^5) 

k""  Jfc^  ' 

whereOis  the  ratio  of  energy  density  of 


the  random  fluctuating  electric  field  to 
the  thermal  energy  density,   PCz;  =  W(z)  • 
Cz'^-I0z2+i5)  +  (2^-7) . 
Substitution  (5j  into  (2)  gives 


v/here        is  the  positive  functional  of  x. 

The  formula  (6)  follows  that  the  ran- 
dom field  fluctuations  in  turbulent  plas- 
ma lead  to  decrease  of  detuning.  This  re- 
sults  from  scattering  of  plasma  électrons 
on  the  turbulent  puises  reducing  the  test 
particles  corrélations  with  surroundings. 
In  this  sensé  an  influence  of  fluctuati- 
ons on  plasma  polarization  properties  is 
analogous  to  bmary  collision  effects. 

Let  us  find  the  plasma  parameter  ran- 
ge, where  the  charge-exchange  process  will 
be  determined  by  the  effect  of  the  dyna  - 
mical  polarization.  The  adiabatic  condit- 
ion H-X'-h"-^  >  I  requires  the  following 
inequality  for  a  case  of  thermodynamical 
equilibrium 

n  >  2,6-I0~^2t^/2q(^^^  n(cm~^) , T^K) , 

where 

ecx;  =  X  G  ^(x;  . 

This  inequality  together  with  conditions 
<*>p'C I,  g<I  restrict  the  plasma  para- 
meters,  where  this  effect  is  possible. 
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DETERMINATION  OF  QUENCHING  CROSS  SECTION  OF  RESONANT  C8(6P) 
STATE  BY  CO2  MOLECULES  IN  DISCHARGE  IN  He  -  CO2  -  Cs. 
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As  molecular  plasmas  with  alkali  see- 
dings  are  widely  used  in  différent  de- 
vices  the  data  on  elementary  processes 
in  such  plasmas  are  '^f  great  interest. 
One  of  the  main  processes  in  this  type  of 
plasmas  which  influences  both  energy  ba- 
lance eind  ionization  balance  of  plasma  is 
the  collisional  deactivation  of  résonant 
State  of  alkali  atoms  by  molécules.  In[lJ 
a  detailed  review  is  given  of  expérimen- 
tal and  theoretical  data  on  quenching 
cross  sections  for  différent  pairs :alkali 
atom  +  molécule.  However  there  is  no  in- 
formation in  literature  about  such  pro- 
cess  for  pair: césium  +  cajbon  dioxide. 

In  this  work  the  collisional  deactiva- 
tion cross  section  of  résonant  Cs  state 
by  CO2  is  obtained.  He  -  CO^  -  Cs  mixture 
was  pumped  with  velocity  -  6» 10^  om/sec 
throgh  glass  discharge  tube  (glow  dis- 
charge current  J=  50  -  200mA,  tube  ra- 
dius R  =  1.15cm).  Partial  pressures  of 
components  were  P^^  =  20  torr,  ^qq^  =0.2 
-  2  torr.  Césium  concentration  N^g  was 
changed  from  10 '^■^  to  lO''-^  cm~^.  Because 
of  Chemical  reaction  between  Cs  and  CO2 
the  value  of  N^g  is  drastically  changing 
along  the  discharge  and  so  are  plasma 
characteristics.  Therefore  spectral 
measurements  were  made  across  the  dis- 
charge. 


Césium  concentration  in  ground  state 
was  determined  by  total  absorption  of 
résonant  césium  line^=  852I  S  (  6^P^y2~ 
-6^S-j-^2  transition),  hyperfine  structure 
was  taken  into  account  in  accordance 
with  [2]  .  An  absolute  intencity  measure- 
ments of  the  same  line  were  used  (with 
account  of  reabsorption)  for  détermina- 
tion of  the  first  résonant  Cs(6P)  state 
density.  Simultaneously  with  optical 
measurements  in  the  same  discharge  tube 
cross  section  the  longitudinal  electric 
f ield  was  measured  with  double  electro- 
static  probe. 

The  qaenching  constant  K  was  obtained 
from  balance  équation  for  résonant  state 
density  »  Iii  eacperimental  conditions 
convective  and  diffusion  transfer  of  Cs 
and  quenching  of  Cs^  by  hélium  and  élec- 
trons are  negligible,  so  the  balance 
équation  is. 

where  rig  and  N^q  -  denslties  of  électrons 
and  CO2  molécules, <^<Sç^^"l?'g"^  -  rate  cons- 
tant of  Cs  exltation  by  électrons.  Term 
Yl  contains  cascades  from  higher  Cs 
States  and  radiative  deactivation  of  Cs 
to  ground  state.  For  détermination  of  K 
the  régimes  were  chosen  where  the  value 
of  E    was  less  than  10%  of  ^g'^cl^^oi'^e^  • 
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Radiât ive  lifetime  of  Cs  was  évaluât ed 
with  account  of  reabsorption. 

The  excitation  rate  constant  ^"^01.%^ 
is  sensitive  to  the  form  of  électron 
energy  distribution  function,  The  use  of 
maxwellian  distribution  functions  for  dé- 
termination of  ^^^^  inay  lead  to  serious 
errors.  Therefore  in  this  work  by  method 
described  in  [3]  électron  energy  distribu- 
tion functions  were  calculated  for  expéri- 
mental conditions.  The  value  of  ^^^^^'^e^ 
were  obtained  with  use  of  excitation  cross 
section  [4]  .  It  is  worth  noting  that 
"électron  température"   1^  =  ^  ^ £  ^^^(6)clE. 
for  calculated  distribution  fvmctions 
practically  coïncides  with  T^  determined 
from  électron  energy  balance  équation 
where  distribution  function  is  assumed  to 
be  maxwellian. 

This  coïncidence  was  used  for  calcula- 
tion  of  électron  density  n^    from  measure- 
ments  of  discharge  current  I    and  electric 
field    E.  Radial  distribtttion  n^Cr)  was 
assumed  to  be  parabolic,  radial  distribu- 
tions NggCr)  and         (r)  were  taJcen  in 
accordaxice  with  profile  of  gas  température 
T(r).  TaJcing  into  account  tha+:  the  main 
radial  dependence  of  drift  velocity 
corresponds  to  radial  profile  of  gas  den- 
sity, for    HgCO)  we  obtain 

1^(0)  =  - 


co 


(2) 


(3) 


corresponding  to  gas  density  at  TCR). 
Radial  profile  of  T(r)  was  calculated 
with  the  help  of  thermal  conduction 
équation. 

From  équation- (I)  the  quenehing  cons- 
tguit    K    was  determined,  and  corresponding 
value  of  quenehing  cross  section  <3r  = 
L^'IO"^^  cm^.  Square  mean  error  of  mean 
<^     value  is  ?%•  The  measurements  were 
made  in  gaa  température  range  500  -  800°K. 
However  because  of  the  expérimental  error 
it  was  not  possible  to  flud  température 
dependence  of  <S 

Radial  profile  of  ratio        * /N^^ 
which  is  présent  in  équation  (I)  was  not 
measured  and  was  assumed  to  be  uniform. 
This  assumption  led  to  systematic  error  in 
<S     values.  Estimations  show  that 
obtained  value  of  <S   may  exceed  true  value 
up  to  40%, 

The  authors  are  grateful  to  Dr.  I.A. 
Vasilieva  for  helpful  discussions  and  to 
V.F.Kosov  for  the  help  during  the  experi- 
ment. 
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e,  m  -  charge  and  mass  of  électron, S)  [C]- 
ea 

transport  électron  -  atom  collision  rate. 
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One  of  the  fundainental  tasks  in  gas 
dischargo  is  the  détermination  of  the 
striotly  neutral  diasociative  elementary 
steps  in  the  bombar dînent  of  molécules  by 
low  energy  électrons. 

Of  great  iiiterest  is  the  bombarding 
by  électrons  vvith  énergies  lower  than  the 
ionj.zation  potential  of  the  molécule, 
which  excludes  the  appearance  of  positive 
ioiis.  There  is  much  information  on  géné- 
ration of  négative  ions,  but  the  ytrictlv 
neutral  ways  of  molécule  decay  are  unknown. 

The  expérimental  apparatus  for  dé- 
termination of  the  dependence  of  tlie 
relative  fragmentation  cross-section  of 
gaseous  products  on  électron  énergies  is 
shovm  in  Fig.l.  ïhe  product  yields  of  this 
process  can  also  be  measured  by  th.is 
technique, 

The  électron  flow  from  fil£).ment  1 
focussed  by  a  mirror  3  bombards  the  gas 
molécules  in  chamber  4  through  the  cont- 
rolling  diaphragm?  Gome  of  the  neutral 
fragments  formed  penetrîxte  into  chtuiiber  7 
where  they  are  ionized  by  an  électron 
beam  from  the  second  filament  0.  The  ions 
formed  are  extracted  from  the  chamber  by 
électrode  9  and  focused  by  an  electrosta- 


tic  lens  (diaphragm  10  and  11). 

',/ith  the  électron  energJ  us  uood  the 
positive  ions  do  not  form  in  the  first 
chaiiiber  and  the  négative  ions  and  élect- 
rons are  trapped  by  grids  5  and  6.  ïhe 
électron  current  of  the  first  chai.iber  is 
modulated  by  a  frequency  oi     30  Hz.  The 
amplitude  of  voltage  accelerating  tht; 
électrons  can  change  from  3  to  12  v  and 
the  average  émission  current  from  50  to 
300 pk,  The  ionizing  électron  energy 
changes  from  15  to  120  v  when  the  2.5mA 
émission  current  is  constant. 

The  modulated  ion  current  passes 
from  the  mass  analyzer  to  the  secondary 
électron  multipliei'  and  is  recorded  by  a 
lock-in-araplif ier. 

The  fragmentation  of  G^Hg  molécules 
was  studied  at  first  as  it  is  very  impor- 
tant for  plasma  chemistry.  The  alternating 
coiiiponent  of  the  ion  current  on  modula- 
tion of  the  ele';tron  current  in  the  first 
chambei?  carinot  be  a:;cribed  entirely  to 
neutral  fragments.  The  modulated  élect- 
rons in  the  first  chamber  convert  some  of 
the  initial  molecule;3  to  négative  ions 
and  neutral  frtigments  and  thus  modulate 
the  partial  pressure  of  the  i/iitial  gas 
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in  the  first  chamber  and  consequently  in 
the  second.  This  modulation  of  gas  density 
(MGD)  is  very  weak  compared  to  the  total 
pressure  of  the  gas.  But  its  absolute 
value  is  of  the  same  order  as  that  for 
modulation  of  the  partial  pressure  of 
neutral  fragments.  Fragmentation  of  some 
of  the  initial  molécules  in  the  first 
chamber  results  in  a  proportional  decrea- 
se  in  the  intensity  of  ail  mass-spectral 
lines  of  thèse  molécules  in  the  second 
chamber.  Therefore  MGD  is  synchronous  and 
antiphase  to  the    pressure  modulation  of 
neutral  fragments.  The  MGD  contribution 
to  the  alternating  coraponent  of  ion 
current  for  every  mass-spectral  line  is 
proportional  to  the  intensity  of  this 
line  in  an  ordinary  mass-spectrum.  The 
expérimental  procédure  was  as  follows: 
the  ratio  of  the  intensities  of  alterna- 
ting Q'îiâ  direct  io^^  currents 
in  molecular  propane  line,  m/e  44,  has 
been  determined  at  a  fixed  électron  ener- 
gy.  This  ratio  was  the  measiire  of  propane 
fragmentation  in  ail  the  channels. 

Pig.2  shows  the  relative  fragmenta- 
tion cross-section  vs  électron  energy. 

The  fragmentation  cross-section 
along  the  channel  C^Hg         C^H^  +  H  as  a 
function  of  électron  energy  is  given  in 
Pig,2,.  1   ((T^      ^^fT  électron  energy 

threshold  at  5.5  eV).  Comparison  of  the 
energy  dependences  (Pig,2.1  and  2.2) 
shows  that  C^Hy  formation  is  of  a  réso- 
nant nature  over  the  range  5.5-9.5  eV. 

The  électron  energy  dependence  of 
/^f^  is  shown  in  Pig,2,3.  Comparison 


of  the  above  v/ith  the  energy  dependence  of 
convincingly  reveals  that  the  hydrogen 
yield  vnthin  the  range  6-10  eV  is  of  a 
résonant  nature  and  its  threshold  is  6  eV 
at  the  maximum  of  8  eV.  Excitation  of  the 
triplet  level  with  an  energy  of  6  eV  seems 
to  be  the  primary  process. 

The  data  given  in  the  paper  on  pro- 
pylene  dissociation  to  neutral  fragments 
show  that  dissociation  occurs  by  excita- 
tion of  triplet  levels. 

This  technique  has  been  used  also 
for  studying  the  ionization  of  argon  meta- 
stable  neutral  states  by  olectron  impact 
at  énergies  20-75  eV. 

1.  N.I.Butkovskaya,  M.K.Larichev,  I.O.Lei- 


punskii,  I.I.Morozov,  I. Yu.iîazuvaev, 
V.L.Talrose,  Dokl.  Akad.  Nauk  SSSR, 
V.233,  N  2,  398  (1977). 
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lONlZATION  AVERAGE  FREQUENCY  IN  ANODE  SHEATH  OF 


PENNING-TYPE  HIGH-VOLTAGE  DISCHARGE 


N.A.  Kervalishvili,  V.P.  Kortkhonjia. 
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■i'heoretical  aiiu  e:ipuriruental  invusti- 
{jabions  of  physical  proc^oses  anu  anode 
sheath  structure  in  hi'ûh  voltae^e  uischar^e 
in  crosseù  i^xll  ficlds  oiten  re^^uire  know- 
ledge  of  ionization  frequtucy  depcndcnce 
on  anode  sheath  parameters.  Kecently,  there 
is  a  lack  oi  such  ûata.  The  aiiu  of  this 
v;ork  v.as  to  m^asure  the  dependence  of  io- 
nization average  frequency  on  electric 
lield  strength  in  anode  sheath. 

In  the  "vacuum  régime"  in  anode  sheath 
a  conuition     Jl,-  «  Hg     is  fulf illed.  The 
total  ion  current    when  the  anode  sheath 
thickness  cl<|7,-7jis  deteraiin^d  by  the  ex- 
pression 

Hence,  ionization  average  frequency 

Electric  field  strength  at  the  anode 
can  be  determined  by  frequency  of  rotati- 
onal  oscillations  i 


(2) 


where  j-j  is  an  extrenal  magnetic  field 
strength. 

As  it  is  shown  in  [l]  ,  a  fundamental 
mode  of  rotational  oscillations  always 
exists  in  magnetron  geometry  and  in  Pen- 


ninG  celi  in  anoae  sheath  at  the  anode 
surface , 

On  Fig.1  vt^rsus  dischargw  voltage 
anu  magnetic  fi  =  la  aci^enucoce  in  magnetron 
geometry  (.7^  =  ^.2  eu.,  ^o,  0.0,7,=  0.75cm 
p  =2.10~^tot?,  the  vvorking  gas  is  Jil  ), 
the  conditions  of  auoae  adjustuiont  [d] 
are  maintainea.  Tne  rueosurement  scheme  is 
given  in  [l]  . 

Ion  current  IJ-  is  aoout  1.5  times  gre- 
ater  than  uischarge  current  [2]  and  has 
been  lûcosured  airectly  during  the  experi- 
îueiit . 

-^■^  versus  is  shown  on  the  .l'ig. 

2.  ;.s  it  is  sten,  changes  aj,q.roxima- 

tcly  as  square  root  of  discharge  voltage, 
ùince  values  for  aifferent  H 

ana  are  plotted  on  the  figure,  it 

is  possible  to  assume,  that    V/     i-=  pro- 
portional  to  thu  square  root  of  potential 
in  anode  sheath. 


H 


Fig.5  illustrâtes     V^-  versus 
dependence.  For  high  magnetic  fields, 
when      cl  <<  (n 


-1  V.fOdf 


(5) 


It  is  always  possible  to  select  such 
dependence        =  which    t?-  cal- 

culated  by  (3),  coïncides  with  a  measured 
onc.  ^.G.  in  [3]    ar'  expression 
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Fig.1 


lias  been  used  for  ^. 
energy. 


Wp  —  électron 


If  we  as.'jume,  t  j.at     Tg  <<  VJç  ,  then 


W    ~  ^1£^ ^""^  we'll  get 


(^) 


Hère  f  r]/!^  H  ^  Ej^ 

;:iubstituting  (4)  into  (3),  we'll  fina 

a?his  dépendance  f  or  t?^.^^^  =1 . 6  10  "^j^^and 

W^o=300el/[3]is  plotted  on  the  Fig.J  with 
solid  line  and  it  coincides  satisf actorily 
with  the  expérimental  results. 


E  ^ 


m  o 


•  -H  =  i.OKOe 
T<-H«i.5K0e 
q-H  =  2,0K0e 


2  3^5 
Fig.2 
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.0«MM,C^  Cr      (A.  .  'J  MOLEC^ES  CAUSED  BV  ATOMS  IN  POTASS,^  D.SCHARCE 


V.I.  Lukashenko, 

Institute  of  Eleatx-odynamics,  Kiev  252057,  U.S.S.R. 


An  analysis  of  the  génération  mechanisms 
of  the  electron-excited  potassium  molécu- 
les K2(a'E;)  made  in  paper  [l]  has  revea- 
led  a  high  efficiency  of  the  reaction 

K(4P)  +  K(4S)  -Xk2(a'S;) 

According  to  [2]  the  collisional  excitati- 
on transfer  from  atom  to  molécule  may  be 
considérable  under  some  conditions 

K(4P)  .K^CX^Sp  ^K^CA^i:;)  .K(4S)  (2) 
In  présent  work  the  rôle  of  abovementioned 
processes  in  a  discharge    potassium  plasma 
at  médium  pressures    p  =  (O.I  i-I.O)  torr 
was    investigated  and    the  cross-sections 
and        for  reactions     (I)  and  (2)  were 
estimated  by  rather  simple  method. 
Each  of  thèse  reactions    results  in  appea- 
rance  of  an  electron-excited    molécule  in 
exchange  for  a  résonant  excited  atom.  The 
possibility  of  such  "conversion"  was  cle- 
arly  demonstrated  by  following  experiment. 
A  cell  with  potassium    vapour  was  radiated 
by  the  résonant  quanta  flux  from  the  sour- 
ce of  spécial  constraction    described  pre- 
viously  in  [l]  .     The  total  number  of  quan- 
ta   Q  absorbed  by  the  cell  and  the  molecu- 
lar  émission  flujc  F  (number  of  quanta  emi- 
tted  by  the  cell  for  second  in  ail  direc- 


tions within  the  A''!^  -  X-'S^  band  System) 
were  measured.  The  obtained  expérimental 
dependences  of  F  upon  p  are  represented 
in  Fig.I    for  two  magnitudes  of  Q. 


The  fact  that  at  pressures  p>:0,5  torr  the 
magnitude  of  F  exceeds  the  half  of  Q  (see 
Fig.I)  testifies  to  the  high  efficiency  of 
the  "conversion"  of  the  K(4P)  atoms  into 
the  electron-excited  molécules  K2(A^E^). 
The  similar  picture  should  be  observed  in 
discharge  plasma,  were  the  K(4P)  atoms  are 
generated  by  électron  impacts.  To  elimina- 
te  the  influence  of  électrons  upon  géné- 
ration and  deactivation  of  the  KpCA  ^S^) 
molécules  very  low  discharge  currents  (I  + 
2)  mA  were  used.       Under  thèse  conditions 
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integrated  over  waveiengt;h  intensities  of 
molecular  band  and  résonant  lines  1-^ 

can  be  expressed  by 

=  N^.N^.q^.Vj  +  N^.N^.q2.V2  (3) 

Il  =  N^T  (/f) 

Where  and  are  the  densities  of  non- 
excited  potassium  atoms  and  dimers,  respe- 
ctively  [3],  is  the  concentration  of 
the  atoms  K(4P) ,  summarized  over  the  doub- 
let structure  components,  V  is  the  relati- 
ve thermal  velocity  of  the  colliding  par- 
tiales (V^/Vj-  0,87) ,  Z  is  the  effective 
lifetime  of  potassium  atom  in  4P  state. 
Expérimental  dependence  of  the  magnitude 
I-^/Ij  upon        is  depicted  in  Fig.2(a). 


2     -  (a) 


1  2       3       5    7  10 

N^'IO~^^,  cm~^ 
Fig.2. 


As  can  be  seen,     for  N   >  6-10      cm  the 
'  a 

band  be corne s  brighter  than  the  résonant 
lines  and,  consequently , the  molecular  émi- 
ssion becomes  the  main  channel  of  the  ra- 
diation loss  from  the  discharge. 


Gombination  of  (3)  and  (4)  gives  us  the 
expression  for  effective  "conversion" 
cross-section 

qg=qj(I+0.87   )=  — K-^r'^J  (5) 

^à^I  ^1 

It  is  clear,  that  at  low  pressure,  where 
Njj^/N^  is  small,   q^  is  equal  to  q-j-  and  then 
it  should    increase    with  pressure  due  to 
the  contribution  of  the  process  (2). 
Using  the  data  of  Fig.2(a)     and  the  value 
of  T    for  a  cylindrical  plasma  column 
it  is  easy  to  calculate  the  dependence  of 
q^  upon  N^.     The  resuit  of  calculation  is 
given  in  P'ig.2(b).     In  accordance  with 
this  figure  the  cross-section  for  recombi- 
nation  q-j-  is  equal  to  1 ,  3 •  IO~"'"^cm^  ,  that 
is  in  rather  good  agreement  with  the  value 
q^  =  I,5-I0~"''^  cm^,   obtained  in  paper  [l]  . 
Différences  (q.g-  ÇLj)     in  the  range  of  N^^^ 
5 •10'^-^  cm~^  allow  us  to  estimate  the  cross 
section  for  excitation  transfer  q^' 
As  follows  from  the  data  of  Fig.2(b)  q^^  s 
2-10        cm  . 

In  conclusion  it  should  be  noted,  to  dé- 
termine the  cross-sections  qj  and  by 
described  method  it  is  required  to  measure 
the  relative  intensities  of  molecular  band 
and  résonant  lines  only. 
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IN  GAS  DISCHARGE  PLASMA  USING  MODULATION  OF  INDUCED  RADIATION 
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1.  The  realization  of  high-speed  de-ex- 
citation of  metastable  states  is  of  déci- 
sive importance  for  excitation  of  continu- 
ous  génération  or  the  pulsed  one  with  high 
frequency  of  puise  répétition  in  the  la- 
sers on  transitions  from  résonance  to  me- 
tastable levels.  The  only  case  when  quasi- 
continuous  génération  on  such  transitions 
in  the  ion  is  observed  is  the  case  of  gé- 
nération in  Eu'^+  He  mixture.  In  this  mix- 
ture the  large  values  of  power  and  effici- 
ency  [l]  were  obtained,  therefore  the  in- 
vestigation of  possible  mechanisms  of  high 
-speed  (  T  é  10"'^S  )  de-excitation  of  iu"*" 
metastable  states  is  of  great  interest. 

2.  Direct  expérimental  study  of  ail  the 
processes  which  may  détermine  de-excitati- 
on "^^^^5  of  Eu"^  states  2  is  difficult. 
The  analysis  of  such  processes  shows  that 
in  relaxation  the  three  paths  of  particle 
motion  through  excited  states 

Eu'^C'^D)— Eu'^(^D)  (1) 
EU+CV;—  Eu-'C'^'^)  (2) 
Eu'^'C'^D) — ^  Eu  (5) 
are  observed.  Of  obvious  interest  is  the 
expérimental  détermination  of  the  particle 
motion  path,  which  actually  takes  place, 
because  in  this  case  a  number  of  reacti- 
ons to  be  considered  is  much  less. 

In  this  paper  the  particle  path  was 
determined  by  the  population  perturbation 


of  ^'^^  states  using  transportation 

of  particles  (-^20%  of  population)  from  the 
résonance  levels  '^P2-j4'  ^"^  stimulated 

émission,  and  by  observing  the  response 
of  another  levels  of  Eu  atoms  and  ions. 
In  contrast  to  atomic  spectrum  the  inten- 
sity  modulation  with  the  depth  about 
0.1*20%  was  observed  on  a  great  number  of 
Eu  ion  lines.  A  séries  of  the  results  of 
Eu"^  line  modulation  measurements  is  given 
in  the  table. 

Table 


N 

Wavelength 

Transition 

B,% 

A 

1 

6175 

Aï 

+15.6 

2 
5 

6049 
5956 

+11.7 
+  6.9 

^■ 

5721 

\° 

+  11 .5 

5 

7077 

A% 

+  1.15 

6 

71 9^^ 

/ 

+  0.9 

7 

7570 

-  0.1 

8 

4129 

9o0 
^4 

-  0.81 

9 

7217 

+  0.7 

10 

7501 

"k. 

+  0.2 

11 

7426 

0 

12 

4205 

^4 

-  0.9 

Thèse  results  were  obtained  at  He 
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pressure  of  450  torr  and  current  density 
^10  A/cm^.  The  modulation  coefficient 
B=(J-J  )/j  where  J,J  are  the  line  inten- 
sities  without  génération  at  a=1  «OOigja  m 
and  with  génération  of  mean  power  0.25  W. 
The  simplified  scheme  of  Eu"*"  transitions, 
explaining  the  table,  is  given  in  Fig.1. 


laser  operating 
transition 


3.  The  resuit s  of  the  experiments  were 
analyzed  both  qualitatively,  taking  into 
account  the  reabsorption  effect  on  the  in- 
tensities  of  spontaneous  lines  and  life- 
times  of  excited  states,  and  queintitative- 
ly,  using  a  computer,  according  to  the 
calculation  procédure  given  in  [  3  ]  .  This 
analysis  has  shown: 

a)  In  this  case  the  excitation  transfer  be- 
tween  ^P^  and  states  occurs.  The 
most  probable  transfer  mechanism  is  the 
collisions  of  excited  Eu  ions  with  He. 

b)  The  origin  of  génération  causes  the  15- 
-20%  decrease  of  population  of  the  upper 
operating  level  '^T^  (and  ail  the  associa- 
tion of  '^Tc^,'^I'2.^.  levels)  and  2%  and  5% 


increase  of  population  of         ^  and  ^I)^^^ 
levels,  respectively. 

c)  The  reason  of  the  ^T^  ^  populations  inc- 
rease is  the  growth  of  Eu"*"  ground  state 
population  with  activation  of  génération. 

d)  Absolute  values  of  résonance  states  po- 
pulations are  (5*8)  .lo''^cm~^,  and  those  of 

State  are  (4-^7)  •lO^'^cm"^ .  Effective 
température  of  populations  distribution 
inside  the  '^D  multiplet  is  1100°K. 

Thèse  results  together  with  the  fact 
of  absence  of  modulation  of  spectral  lines 
belonging  to  the  atomic  spectrum,  allowed 
to  draw  a  conclusion  on  conservation  of  a 
number  of  particles  in  considered  associat- 
ion of  levels  ("^'^P, '''9d,'^'^S)  in  the  cour- 
se of  relaxation.  It  is  impossible  to  dé- 
termine the  type  of  the  path,(i)  or  (2), on 
the  basis  of  the  analysis  carried  out. 

4.  A  possible  mechanism  of  de-excitation 
of  metastable  states  is,  in  our  opinion, re- 
combination  in  the  displaced  atomic  spect- 
rum with  He  with  subséquent  relaxation  among 
displaced  spectrum  levels  and  with  auto-io- 
nization  into  the  ion  ground  state.  At  pré- 
sent this  process  is  not  studied  practical- 
ly,  but  it  is  of  interest  not  only  for  sol- 
ving  the  problem  of  continuous  génération 
régime  on  self-limiting  transitions  of  ot- 
her  ions,  but  also  for  investigating  proce- 
sses of  électron  capture,  recombination, 
analysis  of  particles  and  energy  balances 
in  ionized  gases,  etc. 
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POSITIVE  ICDN  MOBILITIES  IN  CARBON  DIOXIDE 
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Introduction  -    The  ion  drift  velocities  and  mo- 
bilities  for  several  positive  ion  species,  principally 
in  caxbon  dioxide,  have  been  determined  as  a  fonction 
of  the  ratio  of  the  electric  field  strength  to  neutral 
particle  num-faer  density  e/n  (Td) .  Thèse  measurements 
were  made  at  pressures  between  0.01  torr  and  1  torr 
using  a  drift  tube  mass  spectrometer  which  employed  a 
secondaiy  quadrupole  mass  filter  to  provide  a  mass  se- 
lecting  ion  injection  source. 

Contrary  to  the  bulk  of  published  data  on  carbon 
dioxide,  we  have  found  that  after  a  proper  conditio- 
ning  (cleaning)  of  the  gas  samples,  injecting  CO^  into 
a  drift  tube  containing  00^  results  in  mass  spectra 
containing  only  CO^  and  cluster  ions  CO^.CO,  and 

co;^.co-.co_. 


Fig;l 


^2 -""2 

'2-"^2-"^2- 

Mobilities  for  CO^  and  CO^.CO^  have  been  measu- 
red  for  40<  e/it<  UOO  Td  and  14  <  e/n<  200  Td  respecti- 
vely. 

With  the  ion  injection  facility  it  has  been  pos- 
sible to  détermine  mobilities  for  other  positive  ions 
with  ionization  potentials  less  than  that  for  CO^,  in 
carbon  dioxide  : 

viz  :    Og  in  CO^  :  20i  e/N<  600  Td 
NO"^  in  COg  :  20*  E/n  4  350  Td 
APPABATUS 

Thèse  measurements  were  made  on  a  recently  cons- 
tructed  diift  tube  mass  spectrometer  apparatus  which 
is  represented  schematically  in  Pig.tl)  The  system  is 
unusual  in  that  ions  are  not  created  within  the  drift 


space,  but  in  a  separately  pumped  low  pressure  élec- 
tron bombardment  ionization  source.  After  mass  sélec- 
tion by  an  R.F.  quadrupole  mass  filter  the  ions  are  in- 
jected  through  a  small  orifice  into  the  drift  tube. 
Injection  ion  énergies  are  adjustable  between  5  and 
100  eV.  By  pulsing  the  source  répétitive  bursts  of 
ions  of  known  identity  and  with  accurately  defined  spa- 
cial  extent  and  temporal  duration  could  be  used  for  a 
time  of  flight  détermination  of  drift  velocities,  a 
histogram  of  arrivai  times  being  accumulated  on  a  10^4 
channel  time  analyser. 

Drift  velocities  and  mobilities  may  be  determi- 
ned from  the  mean  arrivai  times. 

RESULTS 

Figure  2  shows  values  for  the  reduced  mobilities 
Ko  for  the  two  principal  primary  positive  ions  in  cai^ 
bon  dioxide,  namely  00^  and  its  dimer  CO^.CO^.  As 
might  be  expected,  the  drift  of  CO^  through  CO^  is  li- 
mited  by  a  résonant  charge  transfer  interaction  and  is 
evidenced  by  the  fact  that  the  zéro  field  mobility  is 
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considerably  less  than  the  polarization  limit  1.84 
cm^/v  sec.  and  the  mobility  decreases  with  increasing 
ion  energy.  The  only  previoi^s  reported  data  for  drift 
velocities  in  carton  dioxide  is  ty  Saporoschenko  flj  , 
and  by  Ellis,  Pai,  Gatland  and  McDaniel,  and  Wemlund 
and  Cohen  [2j,  Saporoschenko  measured  mobilities  for 
CO^  and  0^  in  CO^  over  E/P^  range  52  to  250  v/cm  torr 
and  20  to  250  v/cm  torr  respectively.  However,  using  a 
glow  discharge  ion  source  he  found  the  principal  ions 
to  be  CO^,  0^  and  O^.CO^  indicating  he  had  a  considé- 
rable oxygen  impurity  (a^lOO  ppm)  which  modifies  the 
variation  of  mobilities  with  e/p. 

Ellis  et  al  studied  positive  and  négative  ion 
species  in  CO^  but  because  of  insufficient  gas  clea- 
ning  could  only  obtain  mobilities  for  négative  ions, 
the  chemistry  for  which  is  uncomplicated  by  the  présen- 
ce of  impurities. 

Huntress  [3]  has  determined  values  for  the  mobi- 
lity  of  CO^  in  CO^  by  measuring  the  résonant  charge 
transfer  cross  section  as  a  function  of  ion  energy  in 
a  pulsed  ICR  cell.  From  the  cross  sections  he  calcula- 
ted  ion  mobilities  and  from  the  ion  energy  he  assigned 
an  effective  e/p  iising  the  Wannier  [4J  équation.  Al- 
though  his  zéro  field  mobility  is  in  excellent  agree- 
ment  with  that  in  Fig.  1,  the  variation  of  with  e/P 
is  not.  By  current  practice  his  calculation  of  e/p  is 


wrong  since  he  losed  K.E^^^  instead  of  K.E^^,  however 
this  does  not  account  for  the  différence. 

Figures  3  and  4  show  the  variation  of  ion  mobili- 
ty for  0^  and  NO"^  in  CO^  with  e/p.  Here  the  interaction 
is  probably  a  valence  attraction  since  K    is  less  than 
Kp  and  both  O^.CO^  and  ^"^.002  are  stable,  observable 
ion  clusters. 

The  zéro  field  mobilities  reported  here  are  be- 
lieved  to  have  total  errors  not  exceeding  4^. 


Fig;  3 


Fig;  4 
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STARK  BROADENING  OF  He  I  (3^P°-2^S) 


Curvilinear  trajectory  adiabatic 
approxiiration  for  calculating  Stark  broa- 
deninc  parameters  for  neutral  lines  from 
plasir.as,  as  nroposed  by  authors,^'^  has 
been  applied  to  Hel (3 ^P°-2 ^S)    line,   at  T  = 
5000.  K  and  Ng=10^^cm"^.  This  line  has  be- 
en chosen  for  two  reasons:    (1)   The  quad- 
rupole  perturber-eiT.itter  interaction  po- 
tential  is  much  snaller  than  correspondino 
dipole  Dolarization  interaction,   so  that 
siiT-^ple  analytical  calculations  can  be  car- 
ried  out;    (2)    Stark  constant        of  the  up- 
per  level  of  the  transition  is  négative 
and  large,   so  that  so  called  defocusing 
effect  can  be  distinctly  demonstrated . 

V'ithin  the  semiclassical  adiabatic 
theory^  half-halfwidth  and  shift  of  a  line 
can  be  calculated  by   (we  use  atomic  units) 

w  =  2iTNgV  /{l-cos[Ti^(p)-nf  (p)]  )p  âp 
o 

d  =  2itN  V  /  sin[nf  (p)-nj_(p)] -P  dp 
o 

where  N     is  the  électron  density,   v  is  the 
e 

mean  électron  velocity,    n- (n^)    is  the  nhase 
shift  for  the  elastic  scattering  on  the  i- 
nitial    (final)    state  of  target  atom  and  P 
is  an  impact  oarameter  of  the  perturber. 
Phase  shift  ri(p)    is  evaluated  along  a  cor- 
responding  curvilinear  path,^  as  determi- 
ned  by  motion  of  the  impact  électron  in 
the  long-range  potential  of  the  emitter. 


Belgrade,  Yugoslavia . 
Yugoslavia. 

In  our  particular  case  we  retain  only  the 
polarization  potential 


-5  .  275  10  *  au 


in  v.'hich  case  one  obtains  for  the  phase 
shift^ 

n(p)   =  Ç(p)•n<°^   P=(P/P^)^  P^=(-4C4/E)^ 
vhere  the  universal  function  ç(p)    is  given 
by 

{p(^)_|±iK(Y)  }, 6^=1  +  1/5, Y^=(6-l)/2f, 

E  being   (average)    électron  energy  and  K(y) 
E(y)    are  the  elliptic  intégrais  of  first 
and  second  kind,  respectively . n is  the 
usual  "straight-line  trajectory  phase 
shift"  .-^ 

In  Figure  1  vje  have  plotted  n^°^ 
and  n  for  the  upper  level  of  the  transi- 
tion. Since  the  lov;er  level  Stark  constant 
(2''^  S)  =400  . 97  au  is  much  smaller  than  the 
absolute  value  of  the  same  constant  of  the 
upper  level,  v;e  neglect  n^Cp)    in  the  exp- 
ressions for  V7  and  d.  As  can  be  seen  from 
Figure  1,  defocusing  effect  of  the  strong- 
ly  répulsive  potential        gives  rise  to 
drastic  change  of  behaviour  of  ri(p)  at 
small  and  médium  values  of  the  impact  pa- 
rameter . 

Evaluation  of  v  and  d  has  been 
carried  out  numerically,  and  results  are 
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Figure  1 .  Semiclassical  phase  shifts  for 
e  -  He  I(3-^P)    scattering,  at  E^=  0.431  eV. 

presented  in  Table  1 ,  together  with  cor- 
responding  data  from  Griem  (1974)  Since 
in  low-density  plasmas  Stark  parameters 
dépend  practically  linearly  on  N,  it  is 
évident  from  Table  1  that  the  defocusing 
effect  reduces  w  by  12%,  whereas  the  shift 
bas  been  increased  by  approximatelly  30%. 

Table  1 .  Half-halfwidth  and  shift  of  He  I 
(3lp-2lS)    line,    X  =  5017  8,  multiplet  4. 

N(cm"^)       T(K)       w(8)  d(8) 


calc!"^       10^^  5000       0.0321  -0.0361 

Griem  10^^  5000       0.3667  -0.250 


spent  inside  the  sphère  with  radius  R  = 
1.123-Pp,  one  has  as  an  estimate  for  p=0: 
T  =  4-10^  au,  whereas  i^"-^  ( 3^P-3^D)  = 
2.1-10^  au.  The  same  holds  for  other  impact 
parameters  not  too  close  to  R.^ 

At  higher  températures  inelastic 
collisions  can  not  be  ignored  and  the  ef- 
fect of  back  reaction  is  less  prominent, ^ 
as  oposite  to  the  low-temperature  limit, 
where  this  effect  may  become  dominant. 

We  conclude  that,  whenever  there 
is  a  very  close  perturbing  level  below  the 
upper  level  of  the  transition,  defocusing 
effect  may  be  noticeable  at  low  températu- 
res and  should  be  taken  into  account. 

We  are  grateful  to  RZN  of  SR  Ser- 
bia  for  the  financial  support. 
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As  is  well  known,     the  very  usage 
of  the  adiabatic  approximation  is  justifi- 
ed  if  u)^j  <<  T,  where  j  corresponds  to  any 
perturbing  level  and  t  is  the  collision 
time.  If  we  define  the  latter  as  time 
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EXCITATION  OF  MAGNESIUM  ATOMS  IN  HOLLOW  CATHODE  DISCHARGE 
F.Kh.  Kidrasov. 
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In  thls  paper  magnésium  atoms  triplet 
Pq^2  ^'^^\  States  excitation  mecha- 

niam  investigation  restilts  are  presented. 
The  expérimenta  were  carried  out  at 
hélium  pressure  of  0.65  Torr  and  discharge 
current  ranging  within  20  -  50  mA.  The 
discharge  tube  constraction,  data  of  elec- 
trokinetic,  spectrally-optic  parameters 
of  magnésium  hollow  cathode  discharge  fil- 
led  with  argon  and  hélium  were  given  in 
/  1,2  /. 

Mg  atoms  3\^2  considered  as 

one  State  were  established  to  be  populated 
Tinder  our  expérimental  conditions  mainly 
through  direct  électron  excitation  but  do- 
minant mechanism  of  their  decay  was  the 
atepwise  transitions  to  3^?^  resonanoe  le- 
vel  and  metastable  states  death  on  tube 
walls  due  to  the  diffusion. 

Consequently  for  3^Poi2 
balance  équation  can  be  put  down  as 

*  is  direct  électron  excitation 

°^  rate; 

^km       Btepwise  transitions  rate; 

ft      ia  the  diffusion  metaatable  atoms 

°^    escape  rate. 

The  sum  in  the  équation  (  1  )  means 
the  rates  one  of  three  considered  states: 


3'P-, 


The  direct  électron  excitation  rate 


  oo 

ocok=  {^^^-.,\^o^. 


Vi'j(V)dV 
(V)--  Al. 


i"  (V)\f?dV 


(  2  ) 


where 


.  averaged  along  the  length  of  so- 
urce ground  state  concentration 
of  Mg  atoms; 

n  .-  électron  concentration  in  the 
®J    point    j    along  the  axis; 

Q    (V)  -  the  direct  excitation  cress- 
on   ■       section  of  the  level  k; 

Ll.-  the  distance  between  two  points 
3     j    along  the  axis  in  which  the 
second  derivative  curves  l'^^v; 
of  électron  current  to  the-'probe 
are  measured. 
The  o(^j^    valuea  were  evaluated  by 
using  of  tight-binding  approximation  croas 
aection  /  3  /.  Energy  dependence  of  Q^^^^^ 
to  a  range  of  greate  énergies  was  approxi- 
mated  by  one  of  intercombination  X  =4571  A 
(  3^Sq  -  3-^P^  )  line  /4  /.  The  concentra- 
tion        of    Mg  atoms  in  ground  state  ne- 
cessary  for  the  calculation  of  oi^^    is  de- 
termined  from  self-reversed  résonance 
X=  2852  A  (  3^Sq  -  3''Pi   )  spectral  line 
profile  by  method  of  /  5  /• 

The  Btepwise  transitions  rate  OL^  is 
calculated  according  to  the  simular  to 
(  1  )  équation  in  which    n^    is  replaced 
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by         -  concentration  of  Mg  atome  in  le- 
vel  k,  Qqi^(V)  by  Qj^(V)  -  a  stepwiae  exci- 
tation cros3-aection  and  V  ,    by  V,   =V  -V,  - 
OK    *'    km    m  k 

energy  of  transition.  The  stepwise  excita- 
tion cross-section  is  obtained  from  Gryzin- 
ski's  formula  /  6  /,  The  concentrations  of 
Mg  atoms  in  3^Pq,  3^P^  and  3-^P2  statea  we- 

t$  determined  from  data  of  5167,  5173  and 
oo 

5184  AA  lines  reabsorption  measurements. 


dépopulation  takes  place  at  the  4''s^-3^Pq^2 

spontaneous  transitions,  i.e,  the  balance 
3 

=  4       may  be  written  as 

=  Ç    N,^     ,  (  4  ) 

3^Pi,  3^Po,     N,,   is  the 


équation  for  i 


where  k  =3  Pq 

3  3 

4  S^-3  Poi2  spoii'taeous  transitions  rate. 

Table  2 
The  members  of  the  balance 
équation  (4),   10^ -^sm^-^s"^ 


The  diffusion  metastable  atoms  escape 

^ik 

rate  is 

x,mA|  OL^^ 

^^ik 

^  k    =    "k  *    '       (  3  ) 

:5167  A 

15173  A 

:5184  A  : 

where  metastable  states  decay  probability 

20 

8,4 

1,0 

3,1 

4,5 

8,6 

W    is  calculated  according  to  the  kinetic 

30 

35,4 

3,5 

9,3 

15,4 

28,2 

theory  of  gas. 

35 

46,8 

5,2 

15,7 

24,0 

44,9 

The  separate  members  of  équation  (  1  ) 

40 

87,5 

10,8 

24,2 

40,4 

75,4 

calculation  résulta  are  given  in  Table  1. 

45 

119,4 

17,3 

50,0 

79,0 

146,3 

Table  1 
The  members  of  the  balance 

50 

283, 1 

37,6 

106,0 

166,0 

309,6 

équation  (  1  ), 

10^43^^-3 

i, 

mAlZoC  . 
:  ok 

20 

7,5 

1,2 

12,1 

13,3 

30 

42,0 

3,1 

41,3 

44,4 

35 

52,5 

5,6 

71,0 

76,6 

40 

126,0 

8,2 

92,2 

100,4 

45 

186,0 

17,2 

196,5 

213,7 

50 

485,0 

31,6 

388, 1 

419,7 

As  it  is 

seen  from 

Table  1 

the  consi- 

dered  processes  of  population  and  depopu- 
3 

lation  of  Mg  3  Pq-,2  states  take  place  un- 
der  the  conditions  of  our  experiment,  how- 
ever  one  may  remark  the  decay  going  mainly 
due  to  the  transitions  to  3^P^  résonance 
level. 

The  calculations  showed  that  main  me- 
chanism    of    Mg  4"^S^  level  population  is 
also  direct  électron  excitation  but  the 


In  Table  2  one  can  see  the  résulta  of 
calculations  according  to  (  4  )  with  the 
use  of  our  expérimental  électron  energy 
distribution  functions  and  data  of  cross- 
sectiona  /  4  /.  The  spontaneous  transiti- 
ons rates  N^^^^  were  obtained  from      =  5167, 
5173,  5184  AA  (4^S^  -  3^Po^2^  spectral 
lines  absolute  intensities  measurements, 

The  balance  of  Mg  4'^S^  state  atoms 
under  the  investigated  expérimental  con- 
ditions also  holds  good  (  Table  2  ). 
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Décharges  à  basse  pression 
Low  pressure  discharges 

Colonnes  positives 
Positive  columns 

Ondes  d'ionisation  et  instabilités 
lonization  waves  and  instabilities 

Lueur  négative,  décharges  à  cathode  creuse 
Négative  glow,  liollow  cathode  discharges 

Décharges  à  haute  fréquence 
Radiofrequency  discharges 

Décharge  de  Townsend,  claquage  et  décharges  en 
impulsion 

Townsend  discharge,  breal<down  and  puise  discharges 
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In  paper  /  1  /  it  was  noted  that  an  in- 
crease  in  RF  discharge  voltage  brought  ab- 
out  a  qualitative  change  in  the  discharge 
and  in  the  discharge  lumlnocity.In  /  2,3  / 
it  was  shown  that  this  change  in  régime 
(from       to  Y  )  was  accompanied  by  a 
Sharp  increase  in  the  discharge  current. 

Given  below  are  the  results  of  the  ex- 
périmental investigation  of  plasma  parame- 
ters  and  volt-ampere  characteristics  of  RP 
discharge  over  a  range  of  extemal  conditi- 
ons ijnder  which  both  régimes  of  discharge 
were  realized.Measxirements  were  carried 
eut  in  a  Hélium  f illed  cylindrical  tube  of 
radius  R.  =3cm  with  two  plane  titanlum  éle- 
ctrodes placed  inside  it  7.7cm  apart.The 
électron  température  Ve  and  the  plasma  de- 
nsity  /7   were  obtained  f oom  the  électron 
branch  of  the  volt-ampere  curve  of  the  La- 
ngmuir  probe  /  4  /.In  calculating  H  the 
finiteness  of  the  ratio  of  the  probe  radi- 
us (       =5  10"^cm)  to  the  électron  mean 
free  path  was  taken  into  account  /  5  /.The 
discharge  cxirrent  was  measiired  using  a  Ro- 
govsky»s  coil.On  increasing  the  discharge 
voltage  to  a  critical  point       =  V.^^  which 
dépends  on  the  gas  press\ire  P    and  the  fre- 
quency       ,a  redistribution  of  discharge 
luminosity  was  observed.Por  voltages 
\/^^(  ^  -régime)  over  the  range  of  values 
of       and       investigated,the  axial  distri- 
bution of  plasma  density^f/j  is  constant, 
except  near  the  boundary  where  it  sharply 
decreases  (Pig.D.The  électron  température 
was  close  to  the  tençerature  of  the  plasma 
in  the  positive  column  of  the  direct-cur- 
rent  discharge, taking  values  between  6-5V 
depending  on  the  pressure .The  fact  that 


nfk;  here  differs  from  the  Shottky»s  distri- 
bution can  be  explained  according  to  /  6  / 
by  the  fact  that  the  electric  f ield  in  pla- 
sma and  thus  the  ionization  frequency  are 
functions  of  the  x  -co-ordinate.For  V.  > 
(  ^-régime)  the  axial  distribution  of  pla- 
sma density  at  pressures  more  than  1torr 
showed  a  maximum  near  the  boundary  (Fig.l). 
If  the  pressiire  increased  the  maximum  was 
observed  to  move  towards  the  bOTindary,whi- 
le  its  value  increased  and  at    p  =6torr 
the  value  of  maximxim  was  about  20. On  going 
from  oL  to  the  )f  -régime, the  électron  te- 
mperatvire  dropped  to  a  fraction  of  its  for- 
mer value  between  1.5  sud  0.5V  depending 
on  the  pressvire  (Fig.2). 


Fig.1  Fig.2 
The  observed  changes  are  in  accordance 
with  the  hypothesis  put  forward  in  /  1  /, 
according  to  which  when       is  large  enough 
(  Vv  >  ^'«(j'     )  pbysical  processes  on  the  éle- 
ctrode and  in  the  sheath  are  similar  to 
those  in  the  cathode  fall  région  of  the 
glow  discharge. In  this  case  gas  ionization 
is  mainly  brought  about  the  beam  of  high 
enorgy  électrons  injected  from  the  sheath 
/  7  /.The  plasma  density  attains  a  maximum 
near  the  boundary  (as  resxilt    of  damping 
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of  the  beam)  and  the  électron  tençerature 
is  relatively  low  as  in  a  non-autonomous 
discharge .The  expérimental  values  of  the 
plasma  density  at  the  center  He  and  ttie 
discharge  current  Yp   ,  Yf    ^®  plotted  in 
Pig.3,4  and  5,It  can  be  seen  here  that  thè- 
se curves  are  différent  for  oL    and  ^  -ré- 
gimes.The  peoTpendicular  line  s  in  Fig.3,4 
show  the  voltage  . 

In  the  oi.  -discharge ,  when  Vl,  is  not  too 
low:  tl-^V^j^i  fp  decreases  with  in- 

increase  in  pressiire  and  -^-VCf  • 

In  the  f  -discharge  n{J,)  f  and^f/J 
practically  cease  to  dépend  on  their  res- 
pective variables. The  sharp  increase  of 

1   noted  in  /  2,3  /  is  seen  here  when  P 
is  large  enovigh  and  §   is  small.According 
to  /  7  /  this  takes  place  when  the  crossing 
over  to    Y  -régime  leads  to  large  decrease 
of  the  sheath  thickness  and  thus  to  a  dec- 
rease in  the  discharge  inçedance.       as  a 
fvinction  of  gas  pressure  is  shown  on  Pig.6. 
It  is  seen  here  that  this  pressure  depen- 
dence  is  similar  to  that  of  the  cathode 
fall  in  the  glow  discharge ; the  minimum  va- 
lue of  Vlt^  is  close  to  the  normal  cathode 
fall. 

The  behavior  of  the  discharge  parame- 
ters  Ve    t  n     ,    I    and  V^y  agrées  quali- 
tatively  with  the  theoretical  analysls  of 
]f -discharge  carried  out  in  /  7  /. 


•3.2  yi 
-  ^'  / 


-3.2  MHz 


Fig.6 


10^  lO' 
Pig.3(P=3torr) 


Fig.5 
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The  concentration  of  atomic  and  mclecular  ions  and 
metastables  is  investigated  for  the  positive^co- 
lumn  of  a  hélium  glow  discharge.     Recently      '  the 
System  of  différentiel  équations  for  the  hélium  af- 
terglow  describing  the  time  change  of  thèse  plasma 
parameters  was  written  and  solved.     In  the  statio- 
nary  positive  column  we  can  neglect  some  processes 
which  are  importent  in  the  afterglow.     On  the  other 
side  we  must  tai<e  into  account  processes  of  exci- 
tation and  ionization  by  électron  collisions  which 
can  be  neglected  in  the  afterglow. 
i*  équations  for  the  concentration  of  the  atomic  and 
molecular  ions  n,  and  n^  and  metastables  M,  and 
on  the  axis  of  the  cylindrical  positive  column  can 
be  written.  For  condîtfonrof  pressure  p  between  5 
and  60  Torr,  électron  concentration  n^  between 
10^°-10^^cm"^  and  électron  température  Te  between 
1o'*-A.1o'*  the  équations  can  be  simplified  and 

written  in  the  following  form: 

Thèse  équations  are  balance  équations  for  création 
and  disappearance  of  the  four  species  per  unit  time 
and  unit  volume  on  the  tube  axis.     In  thèse  équa- 
tions J,,v  and  d.^are  the  coefficients  of  stepioni- 
zation  by  collisions  of  atomic  and  molecular  metas- 
tables with  électrons. «ir-O»  gives  the  number  of 
excitation  of  the  atomic  metastable  levelîSfrom 
the  ground  state.  *l  and  S  are  the  coefficients  of 
conversion  of  atomic  ions  into  molecular  ions  and 
atomic  metastables  into  molecular  metastables  by 
collisions  with  two  atoms  in  the  ground  state. 
I     A.   i.     ;^    are  the  times  of  diffusion  of  the 
various  particles  to  the  wall. 
K,  is  the  coefficient  of  the  collision  of  the 
second  Icind  between  molecular  metastables  and  élec- 
trons, is  the  coefficient  of  ionization  by 
coll-isions  between  two  atomic  metastabl es  ;  ï-n  and 


(1) 
(2) 
(3) 
W 


l-X„  are  proportions  of  atomic  and  molecular  ions 
which  appear  by  such  col  1  i  s  i  ons . -^(i*  is  the  coeffi 
-cient  of  ionization  by  collisions  between  atomic 
and  molecular  metastables.  The  coefficients  X„  , 
a  A  T  T  T..^».,  S  and  are  l<nown  from  after- 
glow  conditions  .    We  must  however  take  into 

account  the  dependence  of  thèse  coefficients  from 
Te  and  gas  température  T. 

To  calculate  the  coefficients  of  step  ionization 
and  the  number  of  excitations  of  the  atomic  metas- 
table levell*^  we  need  the  électron  energy  distri- 
bution function  ?,Cfc^  in  the  positive  column  of 
hélium  at  intermediate  pressures.     For  this  purpose 
we  solve  the  Boltzmann  equati.on  In  two  réglons  ; 
région  Twheret<t,C  t.  excitation  energy  of  the 
first  leveli'i)  and  région  TT  where  t>£,    •  The 
results  show  that  the  distribution  in  région 

T  is  near    Maxwell ian  with  a  température  Te  while 
in  région  TT  it  decreaseï much  faster  than  a 
maxwellian  distribution  (Figure  l). 


1.0 
■f(u) 


— ^1  ' 

Z-Te-310*  K  ■ 

4-T.  =  2.2lo''k  " 

>\Sy\  1 

 1  1— 

.      .      .  \  V  \  iX 

Il  2Z  25 

Fig.l  Electron  energy  distribution  function  for 
énergies  above  19-8  eV 

Therefore  for  the  calculation  of  the  coefficients 
of  stepionizationcLa  and «liu  we  used  a  maxwellian 
distr 


with  the  température  Te.     For  the 
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(3) 


cross-section  of  step  ion  i  zat  i  on  we  used  tiie  formula 
of  Drawin  For  the  calculation  of  the  number 

of  excitations  of  the  metastable  level  from  the 

ground    state  we  took  into  account  the  fast  decrease 
of  the  distribution  function  at  énergies  £,>t,  ,  and 
proved  that  it  is  possible  to  replace  the  number  of 
direct  excitations  of  the  metastable  level  i^S  by 
the  quanti ty  oL-(>  ,   i-e.  the  différence  between  the 
total  number  of  inelastic  collisions  of  the  first 
and  second  kind.    This  quantîty  is  connected  with 
the  total  cross-section  of  inelastic  collisions  and 
was  calculated  directly  from  the  kinetic  équation 
For  hélium  the  calculation  gives 

V   and  V.e 

Stic  collisions  with  atoms  and  of  electron-electron 
collisions,  respect  ivel  y  ;  <^^=1,«-I0   e*»*.  Some 
results  of  the  solution  of  the  équations 
for  a  tube  of  radius  are  given  in  the 

figures  2  and  3. 
1.0 


e  the  frequencies  of  électron  ela 


and  currents  (.^HOi^K  practically  ail  ions  are 
molecular.  Their  calculated  concentration  atlelOioX 
and  p=kO  Torr  is  Wj^xT to'***»»*  .  As  shown  in  figure  3 
the  concentration  of  the  atomic  metastable  decreases 
with  pressure.  The  dependence  of  the  concentration 
of  the  atomic  metastable  on  the  current  is  weak.  The 
concentration  of  molecular  metastables  increases 
with  pressure  and  decreases  with  current.  At  \,ïtO*.»A 
and  p=kO  Torr  the  conce 
tables  is  M-=8.10^°cm"- 


10  10  30  |>  Tirr  40 

Fig.3  Normallzed  concentrations  of  atomic 

metastatles  (M-|^)  and  molecular  metastables  (^g) 
as  a  function  of  pressure. 


Deloche, 
Lambert 


P.  Monchicourt,  M.  Cheret  and 


5        10  20  50  pTorr  40 

rig.2  Proportion  of  atomic  (n^)  and  molecular 

ions  (ng)  vs.  pressure. 
From  Fig  2  we  see  that  the  relative  number  of  atomic 
ions  is  maximal  at  the  gas  pressure  p=5     Torr,  in- 
creases with  current  and  decreases  with  pressure. 
At  the  pressure  p=5  Torr  and  currents  l  >^IOOi*A  ail 
ions  are  practically  atomic  ions.    Even  at  the 
lowest  current  (islO»»^   ),  at  the  pressUre  p=5  Torr, 
S7%  of  ions  are  atomic  îons.    The  proportion  of 
molecular  ions  decreases  with  current  and  increases 
with  pressure.    At  the  pressure  p='»0  Torr  , 
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POPULATION  DENSITIES  OF  TRIPLET  EXCITED  STATES  IN  A  DFFUSE  NITROGEN  PLASMA* 


A.  Ashraf,  U.K.  Roychowdhury'^and  P.K.  Ghosh. 

Department  of  Chemistry,  Indian  Institute  of  Technology  Kanpur,  Kanpiœ  208016  India. 


Recently  there  has  beon  much  actlvity  on 
line  émission  studies  from  nitrogen  plasmas 
(1-5),  primarily  due  to  their  relevance  in 
understanding  of  upper  atraospheric  émission. 
But  hitherto  there  has  been  little  expéri- 
mental work  which  investigates  the  nature 
of  quantitative  corrélation  between  the 
population  densities  of  excited  states  in 
laboratory  nitrogen  plasmas  and  cross  sec- 
tions of  relevant  électron  impact  processes. 
However,   such  investigations  to  be  amenable 
to  quantitative  corrélations  with  atomic 
processes,  values  of  plasma  parameters  must 
directly  be  known.  This  is  not  available 
from  earlier  laboratory  plasma  experiments. 
Here  we  report  the  results  ofan  experiment 
in  which  in  situ  measurements  of  électron 
densities  (ne)  and  électron  températures 
(Tg)  were  carried  out  besides  vibronic  and 
rotational  transition  intensities  from  a 
nitrogen  plasma. 

Experiments  were  conducted  at  a  pressure  of 
5  microns  in  a  90  cm  long  2.5  cm  diameter 
stainless  steel  tube  and  the  plasma  sustain- 
ed  by  électrons  injected  from  one  end  ofthe 
tube,  at  plasma  currents  (Ie)  of  0.5,1  and 
2  amps.  The  plasma  was  immersed  in  a  longi- 
tudinal magnetic  field  (B=0-700  gauss). 
Variation  of  the  magnetic  field  resulted  in 
a  coupled  variation  of  ne  and  Tg  measured 
at  the  centre  of  the  plasma  column  by  means 
of  a  Langmuir  probe.  Results  of  thèse  mea- 
surements are  shown  in  Fig.  1  .  The  radiation 
from  the  axial  région  of  the  plasma  column 
was  taken  to  a  2.1/6.3  me  ter  spectrograph 
(first  order  dispersion  3.4A  per  mm/l.l2A 
per  mm)  through  a  set  of  angle  limiting 
baffles.  Relative  intensities  from  the 
N2  C'ÏÏuState  (second  positive  System  SPS) 
were  measured.  A  typical  vibrational  temp- 
érature Tyj^^  plot  and  vibrational  tempéra- 
tures determined  from  band  head  intensities 
in  the  ne,  Tg      range  of  the  experiment  are 
shown  in  Fig. 2  and  Table  1  respectively . 
For  ail  the  SPS  bands,  T  j^,   increases  with 
increase  of  B.  In  gênerai,  at  a  given  B,  it 
increases  with  Ig. 

High  re solution  rotational  spectra  of  SPS 
vibronic  bands  (1,0),   (0,2)  were  photographed 
in  3rd  order  of  the  6.3  me  ter  mode  of  the 
spectrograph,  and  relative  intensities 

Table  1.  Vibrational  Températures  of  the 
C*nU.    State  from  the   (0-2)  séquence  of  the 

Second  Positive  System  

Ip(amp)  lT,(amp)    074  ÔT?  03 

0.5  ^         4390+200    4990+300  5625+350 

1.0  5660+200    64BO+100  6910+100 

1.2  1.6  2.0 

0.5  6260+350    6230+350  6600+250 

1  .0  74  50+150    7760+100  B330+250 


measured  using  a  microdensitometer.  Rota- 
tional températures  of  the  ground  vibration- 
al State  at  Ie=1  amp  are  shown  in  Table  2. 


Fig.1  Plasma  parameters  in  the  magnetic 
field^  Ig=magnet  current;B=2B0  gauss/arap  of  Ig^ 


Fig. 2. Vibrational  température  plot  from 
the  N2(0-2)  band  séquence  of  the  Second 
Positive  System 

Table  2.  Rotational  Températures  of  the 
Ground  Vibrational  state  of  C^TTw 

 ig(arap)  575     TT^     r3  t:ô— 

R^  620+20  655+20  630+20  610+20 

R^  615+20  690+20  720+20  600+20 

R_  620+20  695+20  745+20  620±20 
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In  the  following  sections  we  show  the  role 
of  various  processes  in  the  total  cross 
section  by  choosing  the  example  of  the  B 
State,  and  also  report  results  of  calcula- 
tions  of  population  densities  of  the  N2 
triplet  excited  states. 

The  total  cross  section  of  the  B^Ugis  shown 
in  Pig.3  for  the  vibrational  levels  v=0-11 
with  électron  energy  as  a  parameter.  The 
cross  sections  are  evaluated  using  the  me- 
thod  from  (6)and  using  the  processes:  élec- 
tron impact  excitation  X'2g(v"=0)-B-'n'9  (v' = 
0-1 1  )  .cascade  processes  C  ^IT^B'^ng  ,  B'^SJ"- 
B'^TTj, W^Aj^-B'TTjand  A*Z*-B'Tr9  intersystem 
cascade.   One  notes  a  strong  dependence  of 
the  cross  section  on  the  électron  energy 
for  the  lower  vibrational  states ,unlike  the 
higher  ones.  Enhanced  population  densities 
are  observed  beyond  the  v=9  level.  Direct 
électron  impact  excitation  from  the  ground 
State,  C'rr^j-B'TT3,  as  well  as  B'TÛ-B'TTg  con- 
tribution decrease  with  increasing  vibra- 
tional quantum  number  of  the  B^T^state,  and 
W'^j^-B'fr^  contribution  is  negligible.  It  is 
the  A'ï^-B'TTg  intersystem  cascading  which 
increases  with  the  vibrational  quantum  num- 
ber of  the  B^TTjstate  and  accounts  for  in- 
creased  population  densities  of  the  B^TTj 
vibrational  states  beyond  v=y.  Fig.4  shows 
the  partial  contributions  of  the  various 
processes  to  the  B^Hj  v=2  state,   the  state 
which  has  the  highest  Pranck-Condon  factor 
with  respect  to  the  ground  state. 

The  collisional-radiative  model  used  in  cal- 
culation  of  population  densities  of  triplet 
states  involves  the  following:  the  ground 
vibrational  state  v=0  of  the  X'Z^state .vib- 
rational levels  0-11   of  P^'S.^,v=0-^2  of  B'n^ 
v=0-7  of  wMh.,v=0-12  of  B'>2Û  and  v=0-3 
of  C'TTm.  The  following  élection  impact 
processes  are  c onsidered :  X'2g  - A'2*,-B'n9  , 
-C'n'u,-wMiA,-B'  ^Zif, radiative  transitions 
C'Tr^-B3rTg.B»IT9-AiZ  +  B'»2^-B3n'3,W>4u-B^lTg  , 
and  a'2  +  -X'Z^  besides  intersystem  cascades 
B'TTg-B'32-,A*2*-3'Trg,B'n^-W3^u.  The  total 
électron  impact  cross  sections  are  from  (7), 
the  method  of  obtaining  vibrational  cross 
sections  from  electronic  state  cross  sec- 
tions is  from  (6), and  the  Franck-Condon  fa> 
tors  of  various  states  are  from  (6,S,9),and 
transition  probabilities  from  (10-12). The 
population  densities  calculated  numerically 
using  steady  state  condition,  I^xwellian  vel- 
ocity  distribution  of  électrons, and  a  con- 
straint  that  the  sum  of  population  densities 
of  ail  the  states  is  equal  to  1.6 x  lO''^  cm~5, 
are  shown  in  Fig.5.It  will  be  no  te  d  that  the 
C  state  vibrational  levels  do  not  thermaUze, 
in  variance  with  expérimental  results. 
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Fig.3  Total  cross  section  of  B  iTg 


Energy  (eV) 


Fig.4  Partial  contributions  to  B'n'g(v=2) 


Pig.5  Population  densities  of  N2  triplet 
states  for  total  particle  density  1.6  x 
IqH  cm~^ 
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Introduction :Especially  from  the  point  of 
View  that  discharge  plasma  devices  are  be- 
ing  used  for  plasmachemical  purposes  it 
is  of  great  interest  to  have  sufficient 
knowledge.based  on  kinetic  theory,  about 
the  behaviour  of  plasmas  in  selected  mo- 
lecular  gases.In  particular  it  is  impor- 
tant to  obtain  information  on  the  pre- 
vailing  energy  channels  through  which  the 
energy,given  to  the  électrons  by  différent 
kinda  of  eleotric  field,is  dissipated  in- 
to  the  several  degrees  of  âeedom  of  the 
heavy  components.In  this  paper  we  calcu- 
lated  the  électron  distribution  functions 
for  the  beam  and  glow  disoharge  plasma  in 
N2  and  compared  important  maoroscopic 
quantities,determined  by  this  functions, 
under  the  condition  of  equal  power  inputs 
par  volume  unit. 

Kinetic  équations  and  energy  balances tWe 
started  from  suitable  Boltzmann  équations 
with  additional  Fokker-Planck  terms  for 
the  Coulomb  interaction.Using  the  usual 
development  of  the  Boltzmann  équation  we 
finally  got  the  équations  /2/ 

t3i^'^f''ÛQ;''(0)f5CÛ)clL)  =0  (1) 
(<J=b-beam  and  ^=g-glow  discharge  plasma) 
for  the  isotropic  part  f^(U)  of  the 
distribution  function  with 
Hj,  =  iUU''CQcL-i^QA-  Îfb/U''),  (2a) 

H  j = (E/pî)'  U  /l<  (Qd.  +     Q;r-  iTj/  0*  ] .       (  2b) 
U  is  the  total  turbulence  energy  per  one 
électron  in  the  beam  discharge  plasma, non- 
resonant  heated  by  Langmuir  waves,  and  E 
the  eleotric  f ield  in  the  glow  discharge 


plasma. In  (1)  the  first  term  represents 
the  action  of  the  turbulent  or  the  direct 
eleotric  field.the  first  4  terms  propor- 
tional  to  g  the  Coulomb  interaction  of  the 
électrons  with  one  another  and  the  fifth 
of  thèse  that  between  the  électrons  and 
ions .The  term  with  the  factor  6m/M  results 
from  the  elastic  collisions  and  the  last 
term  from  the  différent  inelastio  pro- 
cesses.Furthermore  ,by  appropriate  analyti- 
cal  intégration  we  obtained  the  energy  ba- 
lances per  one  électron  and  per  pressure 
unit 

with 

The  terms  in  (4)  represents  the  energy 
input  per  one  électron  and  pressure  unit 
by  the  turbulent  or  the  direct  eleotric 
field,the  3  terms  on  the  r.h.s.of  (3a, b) 
the  energy  losses  in  elastic  collisions, 
by  Coulomb  interaction  between  électrons 
and  ions  and  finally  by  the  différent 
inelastio  collision  processes. We  chose 
the  same  cross  sections  for  the  descrip- 
tion as  in  /1/.The  comparision  was  per- 
formed  under  the  condition 

so  that  the  energy  input  per  unit  volume 
was  the  same  in  both  plasmas .Using  (5) 
only  5  of  the  parameters  U,(ng/N)^,p^, 
E/pg,(nQ/N)g,pg  are  free.We  chose  E/pg 
as  determined  by  the  other  parameters.The 
solution  was  found  by  a  threefold  itéra- 
tive process  /2/.Especially  it  is  neces- 
sary  to  select  such  values  for  the  para- 
meters  which  permit  a  comparision  between 
both  plasmas  under  typical  conditions  of 
their  existence  such  as  Po=1o~^,p^=1  Torr 
and  the  ionization  degree  {n^/T^) . 
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kesalts  and  Discussion  ;Fip;«'^  shows  the 
energy  input  P=P^=Pg  as  funotion  of  U 
with  (ûq/N)^  as  parameter.The  resulting 
energy  inputs  for  the  chosen  (n^/N)^  are 
différent  from  one  another  by  about  one 
order  of  magnitude  for  each  given  value  of 
TJ  and  vary  in  the  range  from  ^lo"^  to  s  30 
W/cm-^.The  oorresponding  E/p^  are  presented 
in  Pig,2  and  change  from  z  ^  to  15o 
V/(cm  Torr).In  Fig,  3  anexample  (U=1,6« 
1o"^V)  is  given  for  the  obtained  distribu- 
tion functions  f^(U)  and  fg(U)  whlch  are 
adéquate  to  one  another  according  to  (5)« 
While  the  two  oorresponding  distribution 
functions  for  (,n^/li)y=^o~^  and  therefore 
with  Pb=Pg  are  olose  to  one  another ,there 
are  very  great  différences  in  the  other 
cases.Purthermore ,we  see  also  distinct 
différences  in  the  structure .Especially 
from  the  strong  vibrational  excitation  of 
the  N2  molécules  in  the  range  of  2-4  V  a 
steplike  decrease  follows  for  f g(U)  .In 
contrast  to  this  f^(U)  is  nearly  Maxwel- 
lian  for  equal  energy  inputs.Finally  the 
energy  inputs  P^  and  the  différent  energy 
losses  (Û^ Vp,)^,(Ù^VpoV_,(9^/Po V  > 
(U^  /Po)^,(U°-^/PoV  and  (U^/PpV  for  ela- 
stic  sind  electron-ion  collisions, vibratio- 
nal and  electronic  excitation  as  well  as 
dissociation  and  ionization  are  presented 
in  Figs.4  and  5  for  (n^/N)^=^o      and  I0  . 
We  observe  great  différences  with  regard 
to  the  essential  energy  channels  by  which 
the  greatest  amount  of  energy  input  from 
the  turbulent  and  the  direct  electric 
field  is  dissipated  to  the  molécules  and 
ions  in  the  two  plasma  types. The  obtained 
results  show  that  equal  energy  input  per 
one  électron  and  pressure  unit  I'b=I'g  can 
be  considered  to  some  extent  as  a  simlla- 
rity  law  for  the  électron  kinetics  in  va- 
rions collision  dominated  discharge  plas- 
mas,i.e»  the  isotropic  distribution  func- 
tions of  différent  discharge  plasmas  will 
be  nearly  equal  in  the  same  gas  (see  also 
Fig.  3). 
Références: 
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IIJTRODUCTIQN:In  connection  with  an  increaa- 
inc  interest  in  plasma  chemical  reactions 
under  non- isothermal  conditions  recently 
the  classical  SCHOTTKY  diffusion  theory  of 
the  positive  column  was  extended  to  gases 
of  varying  material  composition  /1/.  ihls 
extension  resulted  in  a  new  viewpoint _ f or 
the  linderstanding  of  one  of  the  most  im- 
portant problems  in  every  column  theory: 
the  quantitative  description  of  the  elec- 
tric  characteristic  of  the  discharge  plas- 
ma.Till  now  the  falling  behaviour  of  the 
column  characteristic  was  attributed  main- 
ly  to  such  processes  as  déviations  from 
the  quasi-neutrality  and  the  occurence  of 
the  stepwise  ionization.ïïow  in  the  spécial 
case  of  the  hydrogen  discharge  it  was 
shown  that  the  négative  differential  ré- 
sistance of  the  column  could  be  declared 
bv  the  varying  degree  of  dissociation  m 
dependence  on  the  diacharge  current.To  cal- 
culate  the  electric  characteristic  on  this 
basis  a  model  of  the  discharge  mechanism 
was  used  as  a  first  step  which  neglected 
3ome  appearing  elementary  processes. l^ow 
we  have  improved  the  model  and  extended 
the  calculation  to  différent  gas  pressures 
and  différent  recombination  conditions  at 
the  tube  wall.  .  .  x  * 

THEORETICAL  MODEL ;The  starting-pomt  ol 

our  calculations  was  the  correct  energy 
distribution  function  of  the  électrons  in 
the  H2/H-mixture.This  required  the  solu- 
tion of  the  corresponding  BOLTZMAM  équa- 
tion.Taking  into  account  ail  important 
elastic  and  inelastic  collisions  between 
électrons  and        and  H  respectively  (for 
détails  see/l//2/)the  distribution  func- 
tion f (xjj,E/pQ)was  calculated  in  the  frame 
of  usual  approximations  for  différent  de- 
grees  of  dissociation  x-p=0...1  and  différ- 
ent reduced  electrical  field  strengths 
E/p^=7,..lOO  V/cm  Torr.By  this  the  trans- 
port coefficients  and  various  collision 
rates  of  the  électrons  could  be  deter- 
mined, too. 

Contrary  to  /l/  in  the  kinetic  model  of 
the  positive  column  now  we  have  also  con- 
sidered  the  ion  H"^  besides  the  ions  H 
and  H'^.This  expanded  the  process  scheme 
altogether  to  the  following  14  reaction 
channels: 


H  +  e->H*+  2e 
Hi+  e-^î^+  2e 

H*+  2Hi.->H3+  hJ 
H*+  H^-^H5+  H 
Hj+  e-^'H, 


=  z^(E/p„,Xj,) 
=Z2(E/Po,x^) 
z^=z^(E/p.) 
,J.lO-^%m^/s 


--5 


(E/PJ 


H++  e-*2H^+  H  ;   z^  =  z^(E/Po,3C3,) 
Hj^  2H^-^H^  H^;  Z3=3.4.;^0-fcm^8; 
H|+  H2.-*'H3+  2Hi;   Zg=2'lO  ^cmVs; 


(80K) 
(80K) 


Hi+e-i'HiC a*S:i+c2  TTJ  ->^2H+e  ;  z^=z^(E/Po  •  Xj>) 
H,+  2H->-H,+  H^;z  =1.8.lO-3icm6/s;(80K) 
3H-^H2.+  H  ;   z^3=3,5-l0'^^m^/s  ;  (80K) 
H  +  H(wall)->-H2.;z^,^  =  'î^.accomodation  coef. 
The  System  of  balance  équations  for  the 
différent  particles  H^f.H^.H^.H^  and  H  (in- 
clusive of  Gome  conditions  for  neutrality, 
current  density  and  particle  number)  reads 
in  differential  form: 
div^j+=ngn_^z^+  n^n^z^-  njn^^z^ 

div^j|=nJn;^Zg-  n^n*z^-  n^n*z^ 
with  di-b^CD^/b^)  (n^/n^)  (dn^/dr)  ;k=1 ,  2,  ?^ 
n*+n^+n'*'+n+=n^  ;   (neutrality  condition) 
2^n^(  z"^o  +f^^  )  +n^nl{  Z3+  z^) +n^n^z^+n^njz^+ 
+  (j;+à*+j5)  c^(r/r^-l)/ro=nen^z^  +  2n^n^z^.^+ 
+  2n3z^^+n^'îrc'<f  (r/r^-1  )/4t^ 
n  +n  =p  n  ;(open  tube,   large  dead  space) 
^/j/2+n-j_=Posn^;  (closed  tube,  no  dead  space) 
3^=n^b^E; (axial  electric  current  density) 
(j :current  density;  zrcollision  rate; 
n:particle  concentration; r, r^ :  radius  coor- 
dinate, tube  radius ;b :mobility; D :dif fusion 
coefficient  ;  n^=3,  54- 1  o""  ^cm'^Torr"''  ;  P^  :re- 
duced  pressure  ( 0°C) ; p^g :  initial  pressure; 
c:thermal  velocity). 

In  the  balance  of  the  H  atoms  the  terms  • 
with  the  delta  function  represent  the  tube 
wall  localized  production  and  loss  procesa- 
es  by  recombination. Radial  changes  of  the 
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H  and  H2  concentration  are  neglected. 
After  radial  averaging  of  the  baaic  équa- 
tions for  différent  pressures (0, 3 ... 5Torr) 
and  différent  accomodation  coefficients 
(I0'''^...l0"^)the  axial  electric  field 
atrength  E.the  relative  portion  of  the 
various  ions  «^^""k''^  degree  of 

dissociation  Xjj=n^/(n^+n2)were  calculated 
in  dependence  on  the  discharge  current.At 
this  calculation  the  gas  température  was 
set  constant (80K) and  we  used  for  the  rad- 
ial distribution  of  the  charge  carriers  a 
BESSEL  profile. 

RESULTS;gigs.1  and  2  compare  the  import- 
ance of  the  various  kinds  of  ions  at  dif- 
férent pressures. The        ions  are  entirely 
insignificant  at  low  pressures  but  gain 
considérable  importance  at  higher  press- 
ures.On  the  other  hand  the  molecular  ion 

always  plays  only  a  subordinate  rôle 
in  the  ionic  budget. Fig. 3  shows  the  in- 
crease  of  the  degree  of  dissociation  with 
increasing  current.At  low  pressures  small 
currents  can  already  produce  nearly  com- 
plète dissociation. At  higher  pressures 
decreases  but  the  absolute  concentration 
of  H  atome  is  relative  independent  on  the 
pressure. Eapecially  at  low  currents  and 
relative  low  pressures  the  accomodation 
coefficient ^f"  influences  conaiderably  the 
degree  of  dissociation(Pig.4) .Small  val- 
ues oft*"  relate  to  low  températures  at 
clean  tube  wall.Also  a  spécial  coating  of 
the  walKfor  instance  with  phosphite)  re- 
duces V^. The  région  of-JT shown  in  ?ig.4  cor- 
responds to  the  really  occuring  values  un- 
der  différent  conditions. 
Pinallv  Pigs.5  and  6  show  examples  of  the 
calculated  electric  characteristic  of  the 
positive  coliimn  in  hydrogen.Contrary  to 
ail  the  other  figures  number  6  also  con- 
tains  results  for  the  case  of  an  open  dis- 
charge  tube (large  dead  space).The  négative 
slope  of  the  characteristic  is  caused  by 
the  transfer  of  the  positive  column  from 
a  prevailing  molecular(H2)ài3ch^rge  at  _ 
low  currents  to  states  with  a  considérable 
atomic  component  at  high  currents. In  con- 
séquence of  the  small  degree  of  dissocia- 
tion at  high  gas  pressure  the  characte- 


ristic remains  flat  in  this  case. 
REFERENCES  ; 
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In  this  study,  comparisons  between  experiments 
and  mathematical  models  indicate  that  02*(a'A) 
affects  the  discharge  in  two  différent  ways:  first, 
two-step  ionization  is  required  to  achieve  the 
observed  électron  densities,  and  secondly,  detach- 
ment  by  02*(a'A)  on  the  négative  ion,  0  ,  is 
required  to  match  the  transition  points  between  the 
stable  and  unstable  forms  of  the  discharge. 

Our  experiments  encompassed  1-10  torr  pressure 
2 

and  a  current  density  range  of  .35  to  35  ma/cm  m 
a  discharge  tube  of  19mm  diameter  and  50cm  length. 
Observations  were  the  impédance  characteristics ; 
electric  field,  pressure  and  température  (for 
détermination  of  E/N  and  N) ;  électron  density;  and 

the  transition  point  between  the  stable  and  unstable 

forms  of  the  discharge. 

Our  models  encompassed  1  to  100  Townsends  for 

E/N  and  3.2  x  10^^  to  5.6  x  10^^  molecules/cc  for  N. 

A  Boltzmann  code  with  momentum  transfer;  rotational, 


vibrational  and  electroni( 


n;  dissocii 


attachment;  ionization;  disociative  ionization;  and 
dissociation  cross  sections  was  used  to  détermine 
the  électron  energy  distribution  and  forward  pump- 
ing  rates.    A  chemistry  code  which  tracked  10 
neutral  and  charged  species  and  utilized  69  Chemi- 
cal and  physical  reactions,  including  3-species 
ambipolar  diffusion,  was  used  to  calculate  the 
species  number  densities  and  transition  between  the 
stable  and  unstable  forms  of  the  discharge. 

The  cross  section  for  ionization  from  the 


Figure  1.    Effect  of  O^Ma'A)  on  Electron  Density 


Figure  2.    Electron  Density  Comparisons 
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02*(a'A)  State  was  assumed  to  be  the  same  shape  and 
magnitude  as  the  process  from  the  ground  level, 
with  the  onset  reduced  by  the  différence  in  energy 
between  the  two  states.    Calcul ations  were  perform- 
ed  by  the  chemistry  code,  with  and  without 
two-step  ionization.    Results  for  n  =  10''"^  cm 
are  shown  in  Fig.  1.    Figure  2  compares  the 
calculated  électron  densities  with  expérimental 
values  determined  from  toroidal  cavity  résonance 
and  values  calculated  from  current  continuity 
équations.     In  Fig.  2  the  calculated  values  are  the 
ones  which  include  two-step  ionization.     For  the 
experiments  the  calculated  ionization  densities 
without  ionization  would  be  approximately  an 

order  of  magnitude  lower. 

The  oxygen  discharge  exists  in  two  forms :  a 
high-electric-field,  stable  form  and  a  low-electric- 
field,  unstable  form.    The  latter  can  be  described 
as  an  ionization-attachment-detachment  instability. 
The  transition  between  stable  and  unstable  forms 
has  been  postulated  to  occur  when  two  criteria  are 
satisfied:     first,  a  necessary  condition  is  that 
the  logarithmic  derivative  of  the  attachment 
coefficient  with  respect  to  E/N  must  dominate  that 
of  the  ionization  coefficient;  and  second,  a 
sufficient  condition  is  that  ^  >1.     Figure  3 
depicts  code  results  of  the  first  criterion  for 
the  two  limiting  conditions  of  ail  ground  state 
and  ail  metastable  molécules.     Figure  4  depicts 
the  chemistry  code  calculations  of  the  second 
criterion  both  with  and  without  02*(a'A).  The 
primary  contribution  of  02*(a'A)  in  increasing  the 
électron  to  ion  ratio  is  as  a  détacher  of  électrons 
from  0  .    Comparisons  of  the  code-calculated 
transition  points  show  that  02*(a'A)  must  be 
included  to  match  the  expérimental  data. 


Figure  3.    Stability  Criterion  #1 


Figure  4.    Electron-to-Negative  Ion  Ratio 


*Work  performed  in  partial  fulfillment  of  PhD 
requirements  at  the  Air  Force  Institute  of 
Technology. 
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A  lot  of  papers  were  published  by  dif- 
férent authors  on  positive  column  with 
the  purpose  to  explain  the  constriction 
phenomena . 

There  are  many  proposed  mechanisms  to 
explain  surprisingly  well  one  and  the  sa- 
me  phenomenon  -  the  positive  column  con- 
striction. 

One  of  the  most  popular  explanation  of 
the  constriction  is  the  inhomogeneous  he- 
ating  of  the  gas  in  the  discharge  tube, 
with  the  subséquent  change  in  the  radial 
charge  density  distribution  /l/ . 

This  thermal  effect  is  considered  in 
/2/  to  be  not  important. Indeed, the  measu- 
red  pressure  at  which  the  column  constri- 
ction appears  for  various  noble  gases  is 
smaller  for  pulsed  discharge  than  for  the 
steady  discharge, in  spite  of  the  fact  that 
the  thermal  effects  are  smaller  in  the 
former . 

In  a  previous  paper  /3/  we  have  theo- 
retically  considered  the  possible  contri- 
bution of  the  atomic  to  molecular  ion  con- 
version process,on  the  radial  charge  den- 
sity distribution  in  the  positive  column. 
According  to  our  paper, due  to  the  higher 
mobility  of  the  molecular  ions  than  that 
of  atomic  ones,the  radial  charge  density 
decreases  faster  than  Schottky  distribu- 
tion.The  solution  for  the  distribution  of 
the  radial  charge  density  n,is: 

which  is  a  fast  convergent  séries  for 
small  values  of  the  coefficient  2f/ji5.In 
eq.l,nQ  is  the  charge  density  at  the  posi- 
tive column  axis,r  is  the  radial  distance 
from  the  axis  and  ç  =  (F^. Coefficients  (b,  l^ 
and  S  are  given  by  the  relations: 


where  ^  and  D  are  the  mobility  and  the 
diffusion  coefficient, respect ively, indices 
e,p^  and        reffering  to  the  values  con- 
cerning  électrons , atomic  and  molecular 
ions, respectively. The  conversion  frequen- 
cy  <%  is  defined  as  0^'=k^N^ , where  N  is  the 
neutral  atoms  density  and        the  transfor- 
mation coefficient  of  atomic  ions  into  mo- 
lecular ions. The  parameter  1?^  is  the  ion- 
ization  frequency  for  atomic  ions. 

The  conversion  effect  is  strongly  dé- 
pendent on  the  césium  pressure  and  is  des- 
cribed  by  the  équation: 

where  n'^^,n'^^,  and  N^.   are  respectively 

at    mol  at 
the  densities  of  the  atomic  ions, molecu- 
lar ions  and  neutral  atoms. 


In  the 

TABLE  I  the  values  of  k^ 

for 

some  gase 

s  and  vapours  c 

re  given  /4/. 

TABLE  I 

Pc 

(10"^-'-cm^/s) 

(torr) 

He 

.9 

100 

9.0 

Ne 

.7 

75 

6.0 

Ar 

2.0 

13.5 

7.34 

Kr 

2.7 

9.0 

8.1 

Xe 

3.6 

5.0 

8.0 

Cs 

150.0 

2.8x10"^ 

with  p^  the  pressure  above  which  the  con- 
striction appears, its  values  being  taken 
from  /2/. 

We  can  introduce  now  the  empirical  co- 
efficient C=k^\J~p^  , which  can  be  conside- 
red as  a  constant  of  the  positive  column 
constriction  phenomena . Indeed ,C  has  prac- 
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tically  the  same  value  for  ail  gases  con- 
sidered.Using  the  value  of  C=8.0  and  ta- 
king  into  account  the  value  of         for  cé- 
sium vapours,we  computed  the  value  of  the 
expected  césium  vapour  pressure  for  the 
positive  column  constr iction. 

This  expected  value  for  césium  is: 

k  =2.8x10"^  torr. 

c 

EXPERIMENTAL  SET-UP  AND  RESULTS. 

The  expérimental  device  is  shown  sche- 
matically  in  Fig.l.The  cathode  is  a  moli- 


glass    kovar    Mo  emitter 


réservoir       double  probe 

Fig.l.The  expérimental  device 
bdenum  dise  of  25  mm  diameter  heated  by  e- 
lectron  bombardment. The  cathode  is  surrou- 
nded  by  a  ceramic  insulator , except  the 
front  planar  surface. The  anode  is  a  stain- 
less-steel  dise  at  a  distance  of  300  mm 
from  the  cathode. The  expérimental  tube  is 
provided  with  a  number  of  movable  double 
probes. The  positions  of  the  probes  were 
measared  optically  from  the  distance  of 
1.5  m  from  the  tube. 

The  whole  device  is  mounted  inside  an 
oven,which  insures  the  necessary  tempéra- 
ture to  obtain  the  needed  césium  vapour 
pressure. 

In  Fig.2  are  given  some  of  the  ôbtained 
values  for  the  normalized  charge  density 
versus  the  normalized  distance  r/R  from 
the  axis  of  the  tube   (where  R  is  the  radi- 
us of  the  tube) .The  charge  density  at  the 
axis  is  n^.The  expérimental  points  were 
taken  for  two  values  of  the  césium  pressu- 
re :pj^=2  .  BxlO"^  and  P2=9xl0"^  torr,corres- 
ponding  to  the  température  of  the  césium 
réservoir  of  175  and  240°C,respectively. 
On  the  same  figure  are  given  two  more  cur- 
ves:the  Schottky  curve  and  the  computed 
curve  for  the  radial  charge  density  dis- 


tribution using  the  équation  inferred  by 
us  in  /3/,but  for  a  small  conversion  coef- 


Fig.2.The  normalized  charge  density  versus 

the  normalized  distance  r/R. 
ficient   (low  pressure  of  the  césium  vapo- 
ur) . 

The  Obtained  results  can  be  compared 
with  the  value  obtained  for  Pc (Cesium) 
cording  to  the  empirical  relation  C=k^^/^ 
The  agreement  is  quite  good. 

We  may  conclude  that,as  it  has  been 
poited  out  in  our  previous  paper  too,the 
ion  conversion  effect  has  to  be  taken  into- 
account  in  the  explanation  of  the  positive 
column  constriction. 
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A  double-layer  consists  of  two  adjacent,  oppo- 
sitely-charged  space-charge  layers,  and  may  occur 
near  a  materlal  boundary,  or  within  the  plasma  vol- 
ume (see  [l]-[3]  for  reviews  of  double-layer  pheno- 
mena  in  laboratory  and  space  plasmas).  Here,  we 
shall  analyze  a  steady-state  double-layer  separat- 
ing  two  plasmas  of  différent  densities  and  tempéra- 
tures and  relate  its  length  and  potential  drop  to 
the  plasma  parameters. 

Several  theoretical  models  have  treated  the 
double-layer  as  a  région  of  high  electric  field  and 
monotonie  potential  variation.     The  total  potential 
drop  is  generally  taken  to  be  larger  than  the  plas- 
ma thermal  energy,   and  the  electric  field  is  con- 
fined  to  the  double-layer,   implying  that  the  charge 
variation  intégrâtes  to  zéro.     Cold  plasma,  fluid, 
and  kinetic  theory  approaches  have  been  discussed 
[2]. 

THEORY 

We  treat  the  double-layer  as  a  transition  be- 
tween  two  uniform  semi -infinité  plasmas;  Plasma  1 
at  potential  0=0,   and  Plasma  2  at  0  =  0    >  0  . 
Four  populations  of  particles  are  assumed  [see 
Fig.  1)  :     électrons,   transmitted  through  the  double- 
layer  from  Plasma  1,    ions  transmitted  from  Plasma  2, 
and  ions  in  Plasma  1  and  électrons  in  Plasma  2  that 
are  reflected  by  the  double-layer.     The  transmitted 
particles  constituting  the  plasma  current  drift 
toward  the  double-layer,   and  are  accelerated  adia- 
batically;  the  reflected  particles  are  reflected 
isothermally.     We  normalize  charged  particle  densi- 
ties to  the  transmitted  électron  density,   and  éner- 
gies to  the  transmitted  électron  drift  energy  be- 
fore  accélération. 


Thèse  détermine  $q  >  T}e    ^J^gi  spatial  variations 
N,  Q,  Te,Ti,3g  ana  • 
are  shown  in  Fig.  1- 

PLASMA  1        PLASMA  2-^ 


''el 


"il 


(1) 


^(v/ei) 


where    e    is  the  magnitude  of  the  electronic  charge, 
m      the  mass  of  électrons  or  ions  (a  =  e, i),  t^p 
1^  the  density,     Tqjo     the  température,  and  VQ,p 
the  drift  velocity  in  Plasma  1  or  2  (p  =  1,2). 
The  charge  density,  p  ,   is  given  by  (2)  below. 
When    3=0,  the  first  exponential  is  1  for  i=0, 
and  0  for  $  >  0.     When  3  =0,  the  second  exponen- 
tial is  1  for  $=$    ,   and^O  for  i  <  i  . 


p(z)  =    N  2($( 


-$)  +  3t^+Q  -  (2($o-^)  +  3t^+Q 
(2§+3t^+1)^  -  12tJ 


-  exp(-$/î^)j 


exp (-($-$)/? 


(2) 
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Bounds  on  N,  Q,  T^,  Tj^,?  and  giving  physi- 
cally  admissible  solutions  can  be  established:  (a) 
when  the  reflected  particles  are  cold  (3^,3^=0),  p 
is  discontinuous  at  $=0,  §q  ,  and  we  only  require 
N^Q>l>N,or  N^Q<1<N.  (3) 
(b)  When  S'ej^i  7^  0,  p  is  a  continuous  function  of 
$  ;  for  a  monotonie  potential  we  require  dp/d$  <  0 
at  §-0,  $Q  .     For        "  a  ,   thèse  bounds  simplify  to 

+  3t^  <  1  ,       +  3t^  <  Q  ,  (U) 

which  are  modified  Bohm  conditions  for  collection  of 
électrons  and  ions,  respecti vely,  through  a  sheath. 
More  restrictive  expressions  obtain  for  finite  . 

Solutions  must  satisfy  7]^  ,        ^  0  .  Thèse 
conditions  are  found  to  be  no  more  stringent  than 
those  already  considered.     For  ail  conditions  to  be 
satisfied,  reflected  particles  must  be  présent  on 
both  sides  of  the  double-layer,  as  we  have  assumed. 
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FIG.  2.     CONDITIONS  FOR  DOUBLE-LAYER 
Figure  2  shows  the  région  of  N, Q  space  where 
double-layer  solutions  can  be  found.     The  boundary 
for  $Q  -  05  ,  N^Q  =  1  ,   is  independent  of  the 
particle  températures.  The  low  potential  boundary 
moves  to  N=l  for  cold  particles.     The  potential 
varies  along  the  low  potential  boundary,   but  is 
never  less  than  the  reflected  particle  température. 

In  gênerai,  Poisson's  équation  must  be  solved 
numerically  to  find  $q  ,  but  for  ail  particles  cold 
we  obtain 

$Q  =  $^  =  2NQ(1-NQ)   (N-1)/(1-N^Q)^   .  (5) 
In  Fig.  3(a)  the  températures  are  indivldually 
increased  from  zéro.  The  curves  for  Tg  and 
increase  to  the  limit  set  by  For  t^^  -  »  , 

$0  ~*  0  .     The  3g  curve  decreases  until  no  admissible 
solution  can  be  found.     For  N  <  1  ,  reversing  the 
rôles  of  électrons  and  ions  gives  the  same  qualita- 
tive variations. 

LENGTH  OF  DOUBLE-LAYER 
When  the  reflected  particles  are  not  cold,  they 
penetrate  the  double-layer,  and  electrical  neutrali- 
ty  obtains  only  at  Z  =  ±  ».     As  a  criterion  of  the 
length  over  which  most  of  the  potential  step  occurs ; 
we  define    L  (see  Fig.  1)  as  that  distance  over 
which  the  electric  field  evaluated  at  $q/2  would 
have  to  extend  to  produce  a  step  of  §q  , 

L  =  fQ/|E($Q/2)|,  (6) 
Figure  3(b)  shows  the  température  variation  of  L. 
DISCUSSION 

Our  prédictions  may  be  compared  with  conditions 


FIG.   3.     TEMPERATURE  VARIATION  OF  $q  AND  L 


characteristic  of  laboratory  and  space  plasmas. 
Rough  estimâtes  for  a  double-layer  in  a  double- 
plasma  device  are  [11-]  :     N  s»  1.2,  Q  =»  O.5,  t    s»  0.2, 
TisaO.l^^iïg,   3-j^j»  0.3.     Hence,   $q^U.9,  L=«5.6. 
For  a  density  of  10°cm"3,   and  électron  streaming 
energy  of  1  eV  in  Plasma  1,   a  step  of  20  V,  0.8  cm 
long  is  predicted,   compared  with  3-l5  V  and  3-5  cm 
observed. 

To  compare  our  theory  with  conditions  during 
an  aurora,  We  assume  a  current  of  1  /uA/m^  carried 
by  a  100  eV  électron  beam  above  the  double-layer. 
For  N  =  1.5,  Q  =  0.i+,         =        =  3-^  =         0.1,  we 
predict  §0  =  10-3,   L  =  7.I+,   i.e  a  2  kV  step  in 
0.7  km.     The  average  electric  field  is  five  times 
greater  than  reported  [5],  but  the  measurements 
may  not  have  been  made  in  the  center  of  the  double- 
layer.     If  the  current  above  the  double-layer  is 
carried  by  1  keV  électrons,   the  step  increases  to 
20  kV,  while  the  electric  field  only  increases  to 
5.0  V/m.     Thèse  potentials  are  of  the  order  of 
magnitude  necessary  to  account  for  observations  of 
high-energy  électron  précipitation  [  3] • 

This  work  was  supported  by  the  NSF  and  the 
NASA.  Thanks  are  due  to  Dr.  D,  B.  Ilic  for  many 
fruitful  discussions. 
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C?Tm^  ARC  AS  A  PROBE  FOR  THE  ELECTRON  TEMPERATURE 
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Eindhoven  University  of  Technology,  Eindhoven,  The  Netherlands. 


Introduction.  In  a  hollow  cathode  arc  (HCA)  dis- 
charge in  noble  gases  fast  metastable  atoms  are  pro- 
duced  by  électron  impact  and  heavy  particle  colli- 
sions. Thèse  raetastables  are  sampled  through  an 
orifice  in  the  end  anode.  In  a  time-of-f light  ma- 
chine we  have  measured  the  centre- line  intensity  and 
the  velocity  distribution  of  the  beam  of  metastable 

Molecular  beam  sampling  of  groxand  state  atoms 
gives  accurate  information  on  the  ion  velocity  dis- 
tribution and  qualitative  information  on  the  ion  and 
neutral  density.  The  fractional  intensity  of  the 
metastables  relative  to  the  intensity  of  the  ground 
State  atoms  gives  information  on  the  électron 
température. 

Expérimental  set  up.  A  detailed  description  of  the 
apparatus  is  given  elsewhere  ^' .  Fig.   1  shows  a 
schematic  of  the  HCA.  We  have  measured  both  with  a 
long  arc  (arc  length        =  20  cm)  and  a  short  arc 
(L    =  1  cm) .  Typical  électron  densities  are 


The  first  process  can  be  related  directly  to  our 
model  calculations  and  expérimental  work  on  the  sam- 
pling of  ground  state  atoms.  For  fast  ground  state 
atoms  the  view  depth  X     into  the  plasma,   i.e.  the 
mean  free  path ,  is  determined  mainly  by  elastic 
collisions  with  ground  state  atoms  and  ions  and  in 
most  cases  ionisation  can  be  neglected.  For  meta- 
stable atoms,  however,  the  view  depth 

fully  determined  by  the 


àth 


Theory.  The  gênerai  expression  for  the  product  of 
the  centre-line  intensity  Ko)    (s~  sterad     )   and  the 
normalized  velocity  distribution  function  P(v)  of 
the  beam  of  metastables  is  given  by 

Ko)  P(v)  d2fidv  =  [/"'A{z,v)T(z,v)Adz]  ^dv  (1) 
with  A  the  area  of  the  sampling  orifica  at  z=0  and 
z  the  coordinate  along  the  beam  axis.  The  function 
n(z,v)  (m"^s~^m~^s)  is  the  production  of  metastables 
per  unit  volume,  per  unit  of  time  and  per  unit  of 
velocity  and  T(z,v)  is  the  transmission  probability 
of  a  metastable  through  the  plasma  slice  between  z 
and  z=0  . 

Fast  metastable  atoms  are  produced  by  charge  ex- 
chânge  and  elastic  collisions  with  ions.  We  consider 
two  processes  :  firstly  a  collision  of  a  ground 
state  atom  with  an  ion  followed  by  successive  exci- 
tation by  a  collision  with  an  électron  and  secondly 
a  collision  of  a  metastable  with  an  ion  with  charge 
and  excitation  transfer. 


électrons  and  the  relation  \^  «  holds.  In  this 
model  the  centre-line  intensity  Ko)^  of  metastable 
atoms  is  given  by 

Ko)     d^n  -  Ko)^  P^^^  (z  <  '•') 
with  Ko)^  the  centre-line  intensity  of  ground 
state  atoms  and  ^^^^        <_  X^)   the  probability  that 
a  ground  state  atom  will  be  excited  to  a  metastable 
state  in  the  plasma  slice  with  thickness  X^  in 
front  of  the  end  anod      We  implicitely  assume  that 
T(z,v)=l  for  z  ^  X^  and  zéro  elsewhere.  The  pro- 
bability P^^^   'z  1  -^m'         equal  to  the  product  of 
the  excitation  rate  v^^^  and  the  transit  time 
X  =  \  /v^  of  the  ground  state  atom  in  this  plasma 
slice.  With  v        =  n_<Qv_>         we  write  Eq.    (2)  . 


Ko)     d^Q  =  Ko) 


Lon,i 


where  we  have  used        =  i-e.  we  neglect  the 

momentum  transfer  of  the  électron.  The  ratio  of  the 

reaction  constants  for  excitation  and  ionisation 

dépends  strongly  on  the  électron  température.  For 

argon  this  ratio  ^'   is  given  in  fig.   2.  For 

<Ov  >        we  only  consider  direct  excitation  to  a 
^  e  exc 

metastable  state.  For  <Qv  >,^_  _  we  have  included 


nisation  rate  of  the  4p  levels 
is  much  larger  than  the  rate  of  spontaneous  radia- 
tive  decay  to  the  4s  levels. 

The  second  process,  i.e.  charge  and  excitation 
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transfer  of  a  metastable  with  an  ion,  has  a  very 
large  cross-section  Q^j^^^j^-  No  quantitative  data  a: 
available,  however,  and  we  use  an  estimate  Q 

e: 

500  8^  in  analogy  to  the  charge  transfer  cross-: 
tion  for  Cs^  on  Cs       .  We  assume  a  homogeneous 
plasma  with  T(z,v)  =  1  for  z  £  X     and  zéro  else- 
where.  Equation   (1)   is  then  written  as 


AA 


Ko)     d^Q  = 


-  d^fi 


(4) 


exch  4n 

with  n^  and  n^  the  number  density  of  the  metastables 
and  the  ions,  respectively .  Substitution  of  the  ex- 
pression for  A     results  in 


4-n 


^exch  ' 


give  the  intensity  of  metastables  relati' 
intensity  of  the  ground  state  atoms  as  a  function 
of  n^.  Comparing  this  with  fig.  2  results  in  élec- 
tron températures  varying  from  2-5  eV. 

For  the  short  arc  configuration  we  find  électron 
températures  varying  from  3  (high  density)  to  7  eV 
(low  density) .  Within  the  assumptions  of  our  very 
simple  model  we  have  developed  a  sensitive  probf 
the  électron  température  in  front  of  the  end  anode 
For  further  insight  in  the  production,  a  better  de: 
cription  of  the  plasma  near  the  end  anode  is 


which  is  the  centre-line  intensity  of  an  effusive 
source  of  fast  metastables  multiplied  by  the  extra 
factor  in  square  brackets.  The  density  n^  in  table 
I  has  been  calculated  with  a  collisional  radiative 
model  ^'  for  the  plasma  conditions  in  the  upper  part 
of  table  I. 

In  table  I  numerical  values  of  the  centre-line 
intensity  Ko)  are  given  tor  the  two  models  dis- 
cussed,  showing  that  excitation  of  fast  ground 
State  atoms  is  the  dominant  process  of  beam  forma- 
tion. Of  course,  the  models  used  are  simplified  to 
a  large  extent.  With  the  small  value  of  A  =  2  10"'^m 
h  -4 

as  compared  to  the  diameter   (4/ir)  A  =5*10     m  of  the 
sampling  orifice,  the  assumption  of  a  homogeneous 
plasma  is  not  very  realistic.  To  explain  our  expé- 
rimental results  we  also  have  to  assume  a  fairly 
high  électron  température  at  this  very  close  dis- 
tance to  the  end  anode.  However,  the  models  used  do 
give  a  qualitative  picture  of  the  production  and 
destruction  processes  involved. 

Expérimental  results.  Measurements  have  been  per- 
formed  for  Ar  and  Kr  for  both  arc  configurations. 
In  this  section  we  will  only  discuss  the  results 
for  Ar  in  the  long  arc  configuration.   In  fig.   3  the 
measured  intensities  and  températures  are  given  for 
Ar  in  the  long  arc  configuration  as  a  function  of 
the  density  in  the  source  chamber  n^.  The  measured 
températures  for  the  metastables  are  a  factor  3 
higher  than  the  température  of  the  fast  ground 
State  atoms       .  Our  models  do  not  explain  this  dif- 
férence. The  highest  intensities  are  measured  in 
case  of  low  density,  high  arc  current  and  high 
magnetic  field.  For  fast  ground  state  atoms 
the  intensity    is  propational  to  n  .  In  fig.  4  we 


the 


for 
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necessary. 
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Fig.  4  The  ratio  of  the 
measured  intensities  for 
metastable  and  ground 
state  atoms  (Ar,  = 
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ELECTRCHSLMOLECULE  COLLISION  FREQUENCIES  FROM  BREAKDOWN  DATA 
IN  A  CROSSED  MAGNETIC  FIELD  FOR  ETHANE  GAS 
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The  author  has  shown  that  for  ni trogen 1 ,  argon  and 
hydrogen2,  breakdown  voltages^  in  a  crossed  mag- 
netic  field  can  be  successfully  analysed  and 
predicted  using  the  electron-molecule  collision 
frequencies  derived  from  the  équivalent  gas  pres- 
sure times  gap  distance  method^.     A  common  feat- 
ure  of  thèse  gases  is  that  for  each  gas  a  single 
collision  frequency  was  adéquate  to  cover  the  wide 
range  of  équivalent  reduced  electric  field*, 
(E/p)p,  used.      An  exception  to  this  gênerai  rule 
is  ethane  gas^  for  which  the  use  of  the  derived 
single  electron-molecule  collision  frequency^  did 
not  allow  good  prédiction  of  the  breakdown  charac- 
teristics.      Since  then  the  work  of  Watts=  has 
revealed  collision  frequencies  in  ethane  différent 
from  those  obtained  by  Dargan  and  Heylen-^,  but 
even  the  use  of  an  average  of  Watt' s  lower  collis- 
ion frequency  values  did  not  produce  good  agree- 
ment  between  theory  and  experiment. 
It  is  thus  concluded  that  in  ethane  gas  the  col- 
lision frequency  is  not  single-valued,  but  is  a 
function  of  (E/p)e,  H/p  and  possibly  even  gas 
pressure,  p.     This  is  borne  out  by  the  analysis 
of  breakdown  data  presented  in  this  paper. 
THEORY  AND  PROCEDURE 

The  breakdown  voltage,  Vg,  in  a  crossed  magnetic 
,vl  >  ' 


field  is  given  by'' 


B  pd  sec6 


J,n|p(d-3)sece| 


(1) 


'Un(l  +  I/YH) 


where  A  and  B  are  the  Townsend  gas  constants,  pd 
is  the  gas  pressure  times  gap  spacing,  9  is  the 
angle  the  électron  avalanche  makes  with  the  elec- 
tric field,  9  is  the  gap  distance  required  for  the 
électrons  to  reach  equilibrium  energy  and  yh 
the  secondary  ionization  coefficient  in  a  crossed 
magnetic  field.      In  équation  (1),  sece  is  given 
by5 


M  M- 


e  1    H  ' 


(2) 


where  e/m  is  the  electronic  charge  to  mass  ratio, 
Vq  is  the  electron-molecule  collision  frequency 
at  1  torr  and  H/p  the  reduced  magnetic  field;  also 


is  the  ionization  potential  of  the  gas 

.  V,/pdl 


(H/P)' 

in  which  y-  is  the  secondary  ionization  coeffic- 
ient, in  the  absence  of  a  magnetic  field.  This 
latter  formula  is  due  to  Somerville°  and  has  been 
shown  to  apply2. 


By  rearrangement  of  équation  (1)  as  follov;s 

,n(l  exp(^-Bp^)=  A  p(d-3)  secB  (5) 

^H  s 
and  using  équations  (2)  to  (4),  it  is  possible  to 
dérive  a  value  of  Vq  to  fit  the  expérimental  break- 
down data.     As  no  explicit  expression  for  Vq  is 
available,  a  computer  solution  was  used  which 
involved  a  simple  search  and  bisection  technique. 
The  values  of  Yq  were  obtained  from  the  breakdown 
data3  using  équation  (1)  with  zéro  magnetic  field. 
The  values  of  A  and  B  are  those  obtained  by 
Heylen^  for  ethane  gas  and  correspond  to  those  of 
propane  in  this  high  E/p  range. 
RESULTS  AND  DISCUSSION 

From  the  breakdown  data  for  ethane  gas^  and  with 
the  aid  of  équations  (1)  to  (5),  the  Vq  values _ 
were  obtained  as  outlined  above  and  are  shown  in 
Fig  1.      It  is  seen  that  for  each  gas  pressure 
used,  the  collision  frequency  decreases  with 
increase  in  (F/n)„  but  the  values  do  not  coincide. 
Again  an  unusua'l  feature  of  ethane  is  that  parti- 
cularly  at  high  (E/p)e  the  collision  frequency  at 
a  given  (E/p)e  decreases  with  increase  in  H/p 
whilst  in  other  gases  the  reverse  has  been 
observed^  in  agreenent  with  the  theory  for  thèse 
gases.     This  effect  has  also  been  observed  in 
ethane  by  Watts^  who  used  a  pulsed  Townsend 
technique  to  find  Vq.      In  the  middle  range  of 
(E/p)e.  it  is  observed  that  for  a  given  (E/p)e  and 
H/p,  where  one  would  expect  a  single  value  of  Vç, 
the  actual  values  of  Vq  increase  with  increase  m 
gas  pressure.      Although  thèse  effects  are  dif- 
ficult  to  account  for,  it  must  be  remembered  that 
the  présent  method  used  for  determining  Vq  values 
only  samples  the  tail  of  the  électron  energy  dis- 
tribution function  at  values  of  energy  above  the 
ionization  potential  and  small  changes  in  the 
overall  distribution  function  have  a  large  affect 
on  the  energy  tai 1 . 

It  is  gratifying  to  see  that  the  présent  Vq  values 
tend  to  the  constant  value  obtained  by  Dargan  and 
Heylen^  at  high  gas  pressure  (5  to  25  torr)  and 
that  at  low  gas  pressure  the  présent  values  are  in 
good  agreement  with  the  récent  data  of  '-latts^  (1.5 
to  5  torr),  although  his  values  were  taken  at  H/p 
magnitudes  about  ten  times  less  than  those  of 
t Dargan  and  Heylen3.     A  feature  worth  menti oning 
is  that  Vq  values  obtained  in  the  région  of  the 
left  hand  side  of  the  Paschen  minimum  of  the  low- 
est  three  curves'^,  were  large  and  are  not  shown  in 
Fig  1.     This  indicates  that  breakdown  da-ta 
obtained  in  the  apparatus^  are  unreliable  below 
the  Paschen  minimum  because  of  the  occurence  of 
long  path  breakdown. 

Using  the  derived  values  in  the  Somerville 
équation  (4),  the  yh  values  in  the  présence  of  a 
crossed  magnetic  field  are  shown  in  Fig  2.  The 
Yu  values  at  a  given  E/p  decrease  with  increase 
in  H/p  because  of  the  increasing  probability  of 
électron  recapture  by  the  cathode.     At  the 
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highest  H/p  value  used,  the  yu  value  is  reduced  by 
a  factor  of  fourteen  times,  wnich  is  significant. 
However  such  a  large  change  in  yu  has  relatively 
little  effect  on  the  computed  values  of  Vq  which, 
it  has  been  calculated,  are  reduced  only  by  an 
average  of  about  10%  at  moderate  H/p  and  20%  at 
high  H/p  when  the  recapture  effect  is  neglected 
in  the  computation. 
CONCLUSIONS 

In  ethane  gas  the  électron  molécule  collision 
frequency  at  a  given  équivalent  reduced  electric 
field  decreases  with  increase  in  the  reduced 
magnetic  field  and  is  gas  pressure  dépendent. 
Good  agreement  exists  between  présent  derived 
collision  frequency  values  and  those  obtained  by 
other  authors. 
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FIG  2  Townsend  secondary  ionization  coefficient, 
Yu.  as  a  function  of  the  reduced  electric  field, 
E/p  in  V  cm"T  torr"! ,  for  various  reduced  magnetic 
field  strengths,  H/p  in  Tesla  per  torr 


CE/P), 


FIG  1  Computed  electron-molecule  collision  frequency,  Vq  x  10"9,  in  sec  for  ethane  gas  as  a  function  of 
the  équivalent  reduced  electric  field  (E/p)e.  in  V  cm"!  torr"!  for  various  reduced  magnetic  field,  H/p, 
'in  Tesla  per  torr  and  gas  pressures  p,  in  torr.     Also  shown:  J,  Watts^,  p  =  1.5  to  5  torr; 
□  — □  ,  Dargan  and  Heylen3,  p  =  5  to  25  torr 
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BREAKDOWN  IN  N^-O,  GAS  MIXTURES  AND  IN  AIR  AT  LOW  PRESSURE 


M.  Akazaki,  K.  Nishijima  and  M.  Hara. 
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INTRODUCTION  :  The  impulse  breakdown  processes  were 
observed  for  N^-  0^  gas  mixtures  and  for  dry  air  at 
low  pressure  by  an  image  converter  caméra.  The  re- 
sults  of  time-resolved  photographs  are  presented  and 
the  influence  of  the  electro-negative  gas  0^  on  the 
breakdown  process  is  discussed. 

EXPERIMENTAL  CONDITIONS:  The  tested  électrode  ar- 
rangement vas  aneedlepoint  (imm'^'tungsten  rod  with  he- 
mi-spherical  cap)  to  plane (  16cm'' brass)  gap  8  cm  long 
and  vas  installed  in  a  Pyrex  glass  cylinder  of  l8cm 
diameter  and  1*5  cm  in  length.  A  positive  impulse 
voltage,  1.6x150  |is,with  breakdown  probability  be- 
tween  20%  and  80^  was  applied  to  the  point.  The  gas 
pressure  reduced  to  20°C  was  kept  at  15  torr.  The 
gases  used  in  the  gas  mixtures  indicated  by  the  oxy- 
gen  content  Vj  were  99-995^  pure  for  both  N^and  O^. 
Dry  air  was  also  used  for  comparing  the  resuit s  with 
those  obtained  in  the  gas  mixtures. 
RESULTS  AUD  DISCUSSION:     A)  Breakdown  Process  The 
breakdown  process  can  be  divided  into  two  types  each 
withthree  phases  of  discharge.  As  the  initial  phase  of 
the  process,  the  first  corona  streamer{FCS) ,the  ion- 
izing  wave(lW),  secondary  mid-gap  streainers( cathode 
directed  streamer(CDS)  and  anode  directed  streamer 
(ADS))  and  the  diffused  luminous  wave(DLW)  occure  in 
a  séquence  and  is  independent  of  the  oxygen  content. 
After  the  DLW  reaches  the  anode  glow(AG)  in  front  of 
the  anode,  the  intermediate  phase  of  the  process 
starts.  In  this  phase,  a  positive  column  forms  and 
develops  from  anode  to  cathode  with  the  growth  of 
discharge  current.  The  transient  positive  column 
consists  of  a  diffused  positive  column(DPC)  and  a 


filamentary  positive  column ( FPC ) .  However , this  phase 
of  discharge  can  be  divided  into  two  distinct  types 
of  the  transient  glow,  as  shown  in  Fig.l(a).    In  the 
first  type,  for  the  range  between  Pq=  0%  and  9%,  no 
cathode    streamer s  (CS)/l/  appear.    The  second  type 
is    as  follows;  for  the  range    between  Pq=  10%  and 
100^,  a  séries  of  the  CS  advancing  from  the  négative 
'glow(NG)  to  the  DPC  appear.  Furthermore,  the  break- 
down process  for  P  =21%  shown  in  Fig.l(a)  becomes 
very  similar  to  the  one  in  air  as  shown  in  Fig.l(b), 
and  the  mean  frequency( f s )  of  the  CS  increases  from 
about  20kHz  to  300kHz  vrtth  the  oxygen  content  in  the 
range  10-100/?,  as  shown  in  Fig.2.  As  the  final  phase 
of  the  process,  the  DPC  reaches  the  NG,the  discharge 
current  increases    rapidly  and  the  transient  glow 
changes  into  the  transient  arc  without  a  Faraday 
dark  space  (FDS).  In  short,  two  types  of  the  break- 
down process  in  the  N^-  0^  gas  mixtures  may  be  il- 
lustrated  schematically  as  shown  in  Fig.3. 
B)  Négative  Glow  and  Transient  Positive  Column  Fig. 
l;(a)  and  (b)  show  the  current  density,Jjj,  in  the  NG 
and  ,Jp,  in  the  positive  column  obtained  as  a  ratio 
of  the  discharge  current,!,  to  the  luminous  cross 
section  which  was  measured  in  the  framing  photograph. 

I-J    characteristics  and  the  values  ofJ„  are  approxi- 
N  " 

mately  the  same  as  those  of  de  glow  discharge.  On 
the  other  hand,  the  current  density  of  the  DPC  in 
the  range  0.05-2  A/cm^  and  the  FPC  in  the  range  2-30 
A/cm2    is  the  same  as  that  of  the  positive  column  in 
de  glow  discharge  and  the  arc  colunin  in  de  arc,  re- 
spectively/2/.  According  to  a  spectroseopic  study, 
Ist  and  2nd  positive  band  Systems  of       are  strong  in 
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Po=  5^ 


Po=  50^ 


Po=  100^ 


(a)  N2 


Fig.l  Streak  photo-  ^ 
graphs  of  the  break- n 
down  process  in  N2  ^ 
-  Og  gas  mixtures  "J^ 
and  dry  air.  m-i 
I  1  :  20  jis  w 


Fig.2  Mean  frequen- 
cy  fs  of  cathode 
streamer  versus  ox- 
ygen  content 


A 


oxygen  content  Po  (%) 

the  spectra  of  the  DPC  and  the  CS  and  Ist  négative 
band  of        becomes  recognizable  only  in  the  spectra 
of  the  FPC  and  the  Arc,  in  Fig.5.  Thèse  resuit s  are 
similar  to  those  in  glow  and  arc  discharge/3/  re- 
spectively . 

CONCLUSION:     (l)  Discharge  process  in  the  N^-O^  gas 
mixtures  at  low  pressure  changes  signif icantly  with 
the  oxygen  content.   (2)  The  states  in  the  DPC  and 
FPC  are  the  same  as  those  in  glow  and  arc  discharge 
respectively . 


(a)  The  break- 
down  process 
for  Po=  0—9  i 
(Type  I) 


(b)  The  break- 
down  process  fc 
Pq=  10—100  % 
(Type  II) 


(c)  Framing  pie-'  — 
ture  of  the  fig-  FCS 
ure  (b)  V 


Fig.  3  Conceptual  figures  of  the  breakdown  processes 
in  Ng-  O2  gas  mixtures 


I      (    A    )  I      (    A  ) 

(a)  Négative  glow         (b)  Positive  column  at  the  di- 
stance 1  cm  from  anode 
Fig.U  Discharge  current  versus  current  densityinthe 
négative  glow  and  the  positive  column 

DPC&CS  ^i^^Arc 


(a)  Ng 

Ist  pos. 

band  0 

9-6  ) 

(b)  Ng 

2nd  pos. 

band^^^  ''g 

0-0  ) 

(c)  Ng 

Ist  neg. 

band       ^  0 

0-0  ) 

0 

•fil 

(c) 

Fig.5  Relative  intensity  of  Ng  and  N^  band  spectra 

for  various  discharge  phases  at  Po=21  % 
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The  existence  of  two  différent  régimes 
of  RP  discharge  (       and  ^  -régimes)  was 
first  mentloned  in  paper  /1/.As  the  lumi- 
nosity  of  the  high  voltage  régime  was  ob- 
served  to  be  similar  to  that  of  the  glow 
discharge, the  author  /1/  put  forward  a  hy- 
pothesis  that  secondary  émission  from  the 
électrodes  (    f  -process)  plays  an  impor- 
tant rôle  in  this  régime  (    Y  -discharge) . 
It  is  presumed  that    ^  -processes  are  neg- 
ligible  in  the  low  voltage  régime  (  J.  - 
discharge) • 

In  this  paper  the  ionization  balance 
and  the  characteristics  of  a  symmetric  RP 
discharge  taking  into  accoTint    \  -proces- 
ses are  studied. 

If  the  ionization  by  the  fast  électron 
beam  injected  from  the  sheath  is  taken  in- 
to account  the  ambipolar  diffusion  équati- 
on bec orne s: 


beam;   £  -mean  beam  energy;  f„  -energy 
losses  for  one  ionization;    A  -the  beam 
damping  lenght;  Vs  velocity  at  the 

bovindary. 

The  solution  of  (1)  for  a  cylinder  with 
radius       and  lenght  2  d  if  ^<^-^» 
<<  R^ct'  is: 

Lj^  ^  cos  m  ( h  -^r^y 

,     i-r    '  ?  -[2.^\\  ijn] 


(1) 


where  ^  -the  plasma  density;  Z  -the  io- 
nization frequency  of  the  plasma  elect  - 
rons;  9  -the  ambipolar  diffusion  coeffi- 
cient;  7'  -the  ion  current  density  at  the 
plasma-sheath  bovmdary  (  X  s  f     )  and 

G  -the  rate  of  beam  ionization  is  given 
by  expression: 


exp  -d^ 


£7e 

L7; 


(2) 


where  v^e  -current  density  of  the  électron 


where       -plasma  density  at  the  centre 
(  X  =0,  Y^sO);        =yfi^J-±t3  relative  va- 
lue at  the  bomdary;   Te  -the  électron  tem- 
pérature .The  values  of  /77   and  Z    as  fun- 
ctions  of  r    are  show  in  Fig.1  for  d  = 
R  =  lOÀ  . 

It  can  be  seen  (Fig.1) 
that  when  f  ^  i  beam 
ionization  brings  ab- 
out  a  drop  in  the  pla- 
sma ionization  frequ- 
ency  (  Z    0    )  «This 
should  le ad  to  a  de- 
crease  in  the  élect- 
ron température  and 
the  effective  EP  fi- 
pig,1  eld  in  plasma  E  • 

When  r<^'  i  (       -discharge)  the  influence 
of  the  beam  ionization  on  the  plasma  is 
negligible.   P  is  limited  by  the  maximvim 
vauLue: 
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which  f ollows  from  (2)  if  2  =O.When  T 
r w    beam  ionization  becomes  the  main  pro- 
cess  (    ^  -discharge). In  this  case  Z  is 
negligible  and  the  axial  plasma  distribu- 
tion is: 


(3) 


Calculât ions  show  that  when  the  fact  that 

^  is  a  fimction  of  E  and  thue  of  x  co- 
ordinate  /2/  is  taken  into  account  for  the 

^  -discharge  (   f  =  ftv,  )  ^(x)  is  deter- 
mined  by  (3)  only  when  d  <  L    (A   is  gi- 
ven  below)  ,por  ^  » id-R.>L    )in  ^- 
discharge  the  axial  plasma  distribution 
is  homogeneous  (  y(K):t  i  )  &Xi^~=  (x^j'in  the 
range  |x|<  d-l  .Thus       and  E    are  the  same 
as  in  the  plasma  of  the  positive  column(£„] 
of  th»  d.c.  discharge.In  the  range  |x|>c3^-/. 
the  plasma  distribution  is 


(4) 


Here  E    and  Te  are  comparatively  low.It 
can  be  seen  that  in    ^  -discharge  the  ma- 
ximum plasma  density  is  at  a  distance  of 
about  X  from  the  boundary.When  gas  ioni- 
zation in  the  sheath  is  taken  into  account 
r  is  given  by^ 

where       -the  electron-ion  émission  coeffi- 
cient;  o<.  -a?ownsend»s  first  ionization  co- 
efficient!  S  »  Srti  -sheath  thickness  and 
its  maximum  value  respectively;    P  -the 
gas  pressure  and  6/c  -the  amplitude  of  HP 
voltage  in  the  sheath.According  to  /3/Uc 
and  S(r,  are  given  by 


(6) 


where       -the  amplitude  of  the  discharge 
voltage j   V  -electron-atom  collision  fre- 
quency.The  équation  f  =       =i1  leads  to  a 

P S„  -dependence  at  Uc  which  is  similar 
to  the  P^x    -dependence  at 
the  cathode  fall  and  the  cathode  fall  ré- 


gion in  the  glow  discharge). 

Fig.2  shows  a  qualitative  (^/Jcurve, 
corresponding  to   f  =1 .When  increasing 
to  a  critical  value 
Uj^^  (point  A  in  Pig.2) 
r    sharply  increases 
from  a  negligible  va- 
lue (  r<^<  1)  to  r  =1, 
indicating  that  a  tra- 
nsition from  o<  to 
discharge  takes  place, 
Purther  increase  of 
Uc  leads  to  a  drop- 
ping  of  S  m  thus  to  an  increase  in  the  ste- 
epness  of  the  of  the  volt-ampere  curve  of 
the  discharge  (  J^^  ^  ).If        in  the  low 
voltage  discharge  is  large  enough  (^Ijcur- 
ve  of  the  discharge  may  happen  to  be  néga- 
tive (a  transition  at  point  B  in  Fig.2). 
This  may  be  the  cause  of  the  discharge 
current  instability.Since  in  -discharge 
5^  is  détermine  d  tjPS^sPS^  «i/^cj  the 
current  density  is  (sheath  conduction  ctjt- 
rent  is  neglected): 

(7) 


Fig.2 


The  plasma  density  and  RP  f ield  at  the  bo- 
undary  are  a  =  P'Uc{zire{psJ)-';  ^T^' 
Plasma  density  Ho  is  obtained  from  (3), (7) 

Por  ^<  L;f)^^^Xf>'Uc[2T^e(PS,ycf,2.',%]-'  . 

where  L    is  defined  by  ^ 

/  -  A/'  /^ei^s  À  B„  I 

The  expression  for  JC  and  n  in  the  d  -di- 
scharge are  q\ialitatively  différent  /3/; 

Conduction  current  in       -discharge  she- 
ath is  negligible  and  plasma  density  is 
time  independent  in' dt'^'^'^)  when 

where   Ai -ion  mean  free  path|   M  -the  ion 
mass.This  defines  the  range  of  applicabi- 
lity  of  the  theoretical  model  presented 
in  this  paper. 
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Abatract.  The  ratio  of  latéral  diffusion 
coefficient  to  mobility  D/;i  in  oxygen  and 
Carbon  dioxide  at  ambient  température  has 
been  detennined  for  the  reduced  electric 
field  E/K  of  67.4  ^  E/ïï      392.4  Td  and 
15.2  :<,E/N  ;<  280.9  Td  respectively . 
Method.  The  présent  resialts  have  been  ob- 
tained  by  means  of  Townaend  and  Hirdey's 
technique  The  solution  of  the  steady 

state  électron  transport  équation  -  éle- 
ctron density  -  satisfying  the  boundary 
conditions  on  the  surfaces  of  the  cathode 
and  the  anode  is  expressed  in  the  form  of 
an  infinité  séries  of  dipole  solutions  aS 


The  qviantities  D,Dj^,W,h,  ^  and  c\  are 
the  latéral  diffusion  coefficient, the 
longitudinal  diffusion  coefficient, the 
drift  velocity,the  length  of  diffusion 
space,the  attachment  and  the  ionization 
coefficients  respectively. 
The  électron  current  collected  by  the 
arbitrary  part  of  the  anode  may  be  deter- 
mined  by  the  intégration  of  current  den- 
sity  on  the  anode  over  this  surface.  An 
expression  for  the  fraction  of  total  cur- 


rent falling  on  the  central  dise  of  a 
divided  anode  résulta  iimn«diately  from 
this  calculation  [2J. 
To  consider  the  influence  of  négative 
ions  in  the  présence  of  attachment  pro- 
cesses, the  procédure  elaborated  by  Huxley 
and  C  rompt  on  [I]    hias  been  uaed  iB  this 
work.  This  procédure  adopted  to  t?he  pré- 
sent version  of  experiment  has  been  des- 
cribed  earlier  [  3]  . 

Por  the  détermination  of  the  D/;i  coeffi- 
cients by  means  of  procédures  mentioned 
above,the  knowledge  of  the  ï>-^/}x  coeffi- 
cient, the  attachment  coefficient   ^  and 
the  ionization  coefficient    cx   is  neces- 
sary.  Except  for  the  Dj(^  coefficient  in 
Carbon  dioxide  above  182  Td,the  remaining 
quantities  are  available  over  the  inve- 
stigated-ranges  of  E/N    [6,  -9-13].  The 
limits  of  the  variation  of  the  Dj^" coeffi- 
cient have  been  estimated  on  the  basis 
of  the  theimodynamic  treatment  of  aniso- 
tropic  diffusion  in  an  electric  field  [4^. 
Experiment.  The  expérimental  conditions 
have  been  described  in  work  [5]. 
Results.  The  ratio  of  latéral  diffusion 
coefficient  to  mobility  D/ju  as  a  function 
of  E/N  in  oxygen  and  carbon  dioxide  have 
been  illustrated  in  the  figures  1  and  2 
respectively. 
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The  estimated  values  of  the  standard  de- 
vation  of  D/;u  coefficients  are  equal 
1.5%  for  E/N  >  182  Td  in  carbon  dioxlde 
and  1%  for  ail  other  values  of  E/N  in 
oxygen  and  carbon  dioxide. 
Conclusion,  It  seems,that  the  procédure 
applied  in  the  présent  work  edlows  to 
détermine  the  D/j^x  coefficients  for  the 
large  range  of  reduced  electric  field. 
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Electric  double  layers  have  recently  attracted  much 
interest  and  several  new  expérimental  results  have 
been  reported  [ij    [?]    [3]    [!|J    [5j  • 
Récent  reviews  of  the  phenomenon  include  a  gênerai 
survey  [ô]  as  well  as  separate  reviews  of  experi- 
ments  [?]  and  theory  [3j    .  Several  possible  appli- 
cations to  cpace  and  astrophysical  plasmas  have 
been  discussed  [9]    [10]    [11]  . 

Most  experiments  so  far  have  been  performed  in  non- 
magnetized  plasmas.  Since  the  existence  of  double 
layers  in  magnetized  plasmas  has  now  been  proved, 
much  work  remains  to  systematically  investigate  the 
properties  of  such  double  layers.  The  présent  paper 
reports  some  initia^  results. 

The  double  layer  studied  is  one  with  a  monotonie 
potential  variation  but  with  a  rapidly  varying  spa- 
tial location.  It  is  also  accompanied  by  a  compli- 
cated  spectrimi  of  waves  with  frequencies  from  the 
ion  acoustic  régime  (5  kHz)  up  to  frequencies  lar- 
ger  than  the  plasma  frequency  (1*00  MHz). 
The  double  layer  is  produced  in  a  plasma  colimn, 
radially  confined  by  an  axial  magnetic  field  (O.OO5- 
0.15  T)  in  the  vacuum  chamber  between        and  A  (Fi g. 
1).  The  plasma  is  maintained  by  a  source  giving  in- 
flow  of  plasma  through  an  aperture  in  Eg,  which  de- 
fines  the  diameter  of  the  plasma  column  (1.5  cm). 
The  plasma  source  is  a  de  arc  discharge  at  about 
1  mTorr  between  the  mercury  pool  cathode  C  and  the 
hollow  électrode  E^.  The  mercury  vapour  pressure  in 
the  vacuum  chamber  is  kept  typically  an  order  of 
magnitude  smaller  than  in  the  source Double  layers 
have  been  observed  to  form  for  électron  gyro  fre- 
quencies f^g  in  the  interval  fp/3  ^  f^e   -    ^  ^p" 
Here  f^  is  the  plasma  frequency.  The  results  repor- 
ted below  refer  to  a  weak  magnetic  field  of  5  mT 
and  a  mercury  atom  number  density  of  3  •  lO'''  m  ^ . 
As  has  been  described  previously  the  double 

layer  evolves  from  an  électron  rich  anode  sheath, 
when  the  anode  potential  is  increased  to  some  tens 
of  volts  (depending  on  the  background  pressure  of 


Fig.  1.  Schematic  picture  of  the  discharge  device. 
A  plasma  column  is  obtained  between  E2  and  A  by  in- 
flow  of  plasma  along  the  magnetic  field  through  the 
aperture  in  E2.  The  plasma  source  is  a  de  arc  bet- 


ween C 


jid  E- 


neutral  gas )  above  the  plasma  potential.  Then  most 
of  the  original  potential  drop  over  the  anode  sheath 
appears  over  the  double  layer,  and  between  the  lay- 
er and  the  anode  a  new  plasma  (the  anode  plasma)  is 
formed.  The  anode  plasma  is  maintained  by  ionization 
due  to  électrons  accelerated  in  the  layer,  whereas 
ionization  processes  are  negligible  in  the  cathode 
plasma  owlng  to  the  low  électron  température  there 
(2  eV).  The  diameter  of  the  anode  plasma  column  is 
also  larger  than  that  of  the  cathode  plasma. 
Once  the  layer  has  formed,  it  can  be  moved  to  any 
position  between  Eg  and  A  by  an  adjustment  of  the 
discharge  current .  The  layer  position  is  not  sta- 
tionary,  but  the  layer  moves  irregularly  back  and 
forth  with  amplitudes  somewhat  larger  than  the  lay- 
er thickness.  The  typical  velocity  in  this  motion 
(300  m/s)  is  much  smaller  than  the  ion  acoustic 
speed   [5].  A  coincidence  technique  is  used  to  re- 
duce the  effect  of  thèse  fluctuations  on  the  mea- 
surements.  At  a  point,  through  which  the  double 
layer  oscillâtes,  the  potential  is  sensed  by  means 
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of  an  emitting  Langmuir  probe  and  compared  with  a 
fixed  value.  At  coincidence  a  short  triggering  puise 
is  produced,  which  is  utilized  for  sampling  of  the 
signais  from  other  probes .  Such  a  sampling  has  also 
been  made  directly  from  oscillograms .  Diagrams  (a) 
and  (b)  in  Fig.  2  show  potential  and  électron  den- 
sity  (expressed  as  a  local  plasma  frequency)  mea- 
sured  with  movable  Langmuir  probes.  Hot ,  électron 
emitting  probes  were  used  to  measure  the  potential, 
and  the  density  was  obtained  from  swept  characte- 
ristics  of    a  cold  probe.  The  sampling  method  re- 
duces effects  of  the  layer  motion.  However,  fluc- 
tuations ia^  the  asymptotic  layer  voltage,  in  the  fre- 
quency range  5-20  kHz,  are  still  présent  as  indi- 
cated  (Ô4>)  in  diagram  (a).  The  potential  level  of 
the  whole  anode  plasma  fluctuâtes  relative  to  the 
quiescent  cathode  plasma.  Potential  fluctuations 
measured  simultaneously  at  any  two  positions  within 
the  anode  plasma  appear  to  be  identical  (within  the 
bandwidth  of  the  probes,  0  -  200  kHz)  implying  a 
propagation  speed  larger  than  10^  m/s. 
Diagram  (c)  in  Fig.  2  shows  the  spatial  distribu- 
tion of  rf-porfer.  This  was  picked  up  by  a^,  axially 


movable  probe  consisting  of  an  open  coaxial  cable 
of  small  dimensions,  led  into  the  plasma  through  a 
capillary  glass  tube.  The  power  was  measured  by  a 
spectrum  analyzer  at  a  frequency  of  350  MHz,  and 
such  a  spatial  variation  existed  in  a  frequency 
band  with  a  bandwidth  of  about  100  MHz.  Electron 
distribution  functions  are  being  measured  to  corre- 
late  the  observed  spatial  distribution  of  the  rf- 
power  to  beam-plasma  interaction.  Double  humped 
distributions  have  been  observed  on  the  anode  side 
of  the  layer.  Another  rf-spectrum  with  an  upper  cut- 
off  frequency  at  about  150  MHz  also  exists  both  in 
the  anode  and  the  cathode  plasma. 

The  existence  of  the  marked  minimiom  in  the  électron 
density  (Fig.  2),  implying  the  possibility  of  trap- 
ping  of  Langmuir  waves  at  the  double  layer   \l2\  , 
has  been  confirmed  for  a  wide  range  of  parameter 
values . 
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Fig.  2.  The  diagrams  show  simultaneously  sampled^ 
axial  profiles  of  the  electric  potential  (a),  the 
local  plasma  frequency  (b),  and  the  rf -power  at 
350  MHz  (bandwidth  3  MHz). 
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Introduction:    The  diffusion  of  charged  particles 
across  a  magnetic  field.especially  the  enhanced 
diffusion,  is  a  problem  of  considérable  interest. 
In  many  experiments  /1-2/  on  the  positive  column, 
a  longitudinal  electric  field  Eozdecreases  ac- 
cording  to  the  classical  diffusion  theory  with  in- 
creasing  the  magnetic  field  B.  Furthermore,  when 
B  exceeds  a  certain  critical  value  B^  ,  the  heli- 
cal  instability  starts,  and  then  Eqj  increases  ab- 
ruptly  due  to  the  enhanced  diffusion.    However  we 
have  expérimental ly  found  the  phenomenon  that.when 
the  ionization  waves  start  at  the  magnetic  field 
Slightly  below  B^,  ,  Eq^  increases  to  exceed  the 
values  obtained  from  the  classical  diffusion  theo- 
ry. 

In  this  report,  the  nonlinear  effect  of  the 
ionization  wave  on  the  longitudinal  electric  field 
Eqz  is  investigated  for  hélium.    Then  it  is  found 
that  the  mean  énergies  of  the  charged  particles 
increase  according  to  the  nonlinear  effect  of  the 
longitudinal  perturbed  electric  field       and,  con- 
sequently,  the  longitudinal  electric  field  Eq^  in- 
creases.   The  theoretical  values  obtained  are  com- 
pared  with  expérimental  data,  and  found  to  be  in 
agrce^r.er.t  with  présent  experiments. 

Methods  and  results:    A  cylindrical  symmetry  is 
assumed  in  a  coordinate  System  (r,4>  ,z)  with  z 
axis  along  the  column,  and  the  column  is  situated 
in  a  longitudinal  magnetic  field  B.    The  theoreti- 
cal équations  are  derived  under  the  following  as- 
sumptions:  1)  The  mean  free  paths  of  électrons  and 
ions  are  small  to  the  tube  radius  R.  2)  The  élect- 
ron and  ion  gases  have  Maxwellian  distributions. 
3)  As  the  metastable  atoms  of  hélium,  2  Si   is  tak- 
en  into  account.  4)  Molecular  ions  are  neglected 
compared  with  atom  ions.  5)  The  équivalent  tempér- 
atures of  ions  at  plasma  edge  are  equal  to  Tg/2. 

As  basic  équations,  the  continuity  équations 
for  the  number  densities  of  électrons,  ions  and 
metastable  atoms,  respectively ,  and  the  conserva- 
tion équations  for  the  énergies  of  charged  parti- 
cles are  used.    Moreover  Poisson' s  équation  is 
used.   (a)  Steady  state:  We  first  dérive  the  ex- 
pressions for  the  mean  énergies  of  électrons  Te 
and  ions  Ti  as  a  function  of  B  for  the  steady 
state.  Figure  1  shows  the  theoretical  curves  (y=0) 
of  Tg-vs-B  and  Ti-vs-B  for  the  steady  state.  As 
shown  in  Fig.  1,  we  confirm  that  Tg  and  T^  de- 
crease  together  with  increasing  B,  according  to 
the  classical  diffusion  theory.     Further,  we  ob- 
tain  the  expressions  for  the  longitudinal  electric 
field  Eqz  as  a  function  of  B  for  steady  state,  and 
then  show  the  theoretical  curves  of  Eqz-vs-B  for 
y  =0  in  Fig.  2,  which  correspond        to  the  curves 
of  Te-vs-B  and  T^-vs-B  for  f  =0  in  Fig.  1.  Figure 
3  shows  the  comparison  of  the  theoretical  curve 
(>•  =o)  with  experiments.    As  shown  in  Fig.  3,  up 
to  B=Bi  Cl -25  kG)  the  theoretical  values  for  y*  =0 
are  good  agreement  with  expérimental  values. 
Therefore  we  confirm  the  classical  diffusion  theo- 
ry in  the  région  of  B  from  0  to  Bj^.    However  Fig.  3 


shows  that  the  différence  between  the  theoretical 
and  expérimental  values  occur  above  B^  that  the 
ionization  waves  develop.    Although  it  is  well 
known  that  an  anomalous  diffusion  occurs  above  the 
critical  magnetic  field  Bc(-2.25  kG)  that  the  hel- 
ical  instabilities  develop. 

(b)  Perturbed  state:  We  can  choose  a  perturvation 
of  the  form  ?i-exp(ltt;t- ofeZ-  )  ,  where      is  the 
wave  number  (  b  =2  7t )  ,  O)  =  Wr  +  LUJc    the  angular 
frequency  and  A  the  wave  length.     Fi  is  the  per- 
turbed quantity^of  complex  number.    The  perturbed 
electric  field  E^  in  the  longitudinal  direction  is 
derived  by  solving  Poisson's  équation,  assuming 
the  density  distribution  in  the  radial  direction 
to  be  the  zéro  order  Bessel  function  Jo(Ol.r). 
mère  oC  =1^7^,  Z  is  the  ionization  frequency  and 
D„  the  ambipolar  diffusion  coefficient.    Here  we 
postulate  that  the  perturbed  part  of  density  ex- 
ists  in  addition  to  steady  state  density.     In  non- 
linear calculation,  we  can  not  use  exp(lu;t-i,K  z) 
and  then  take  its  real  part.    Putting  the  détermi- 
nant deduced  from  thèse  expressions  be  equal  to 
zéro,  we  obtain  the  dispersion  équation  for  w  . 
have  tOi<0,  and  then  the  amplitude  of  the  structure 
exponencially  with  time. 

(c)  Effect  of  perturbed  field  Ei  :  The  electric 
field  term  in  the  energy  balance  équation  contains 
the  second  order  perturbed  electric  field.     In  the 
nonlinear  calculation,  the  zéro  harmonie  term  can 
be  written  as  the  sum  of  two  terms,  one  of  which 
is  e/AE*  ,  for  the  equibrium  state.  Vlhat  remams 
is     i-e/À^l  ■    Here  M  is  the  mobility.    The  term 
■k&A^l  givçs  cause  to  increase  the  énergies  of 
électrons  and  ions  when  the  ionization  wave  exists 
.    Figure  1  shows  the  curves  of  T^-vs-B  and  T^-vs 
-B  for  the  variaus  of  if  .    '.Vhere  ^  =1E^1  /  Eq.  Eq 
is  not  equal  to  Eq^  when  the  perturbation  exists. 
Er,    is  obtained  from  the  équation  of  the  total  ax- 
iaî  current.    Here  we  take  into  account  of  the 
nonlinear  effect  of  the  électron  température  on 
the  ionization  frequency  .    The  inf luence_ of  ions 
on  the  growth  of  the  ionization  waves  becôme  to  be 
greater  than  that  of  metastable  atoms  with  in- 
creasing B.  Figure  2  shows  the  curves  of  Eqz-vs-B 
for  the  various  values  of  V  .     In  Fig.  3  the  curve 
of  Eqz-vs-B  (  the  broken  line  )  obtained  from  the 
conditions  of  ionization  waves  and  the  perturbed 
state  mentioned  above  is  compared  with  the  présent 
expérimental  values . In  our  experiments/3/  ,  the  dis- 
charge tube  of  90  cm  long  and  1  cm  radius,  con- 
taining  hélium  ranging  from  0.5  to  1.0  Torr,  was 
placed  at  the  axis  of  a  solenoid  coil  with  the 
length  of  70  cm.    To  measure  the  electric  field 
Eq,  two  ring  probes,  Pj  and  P2,were  introduced  in- 
to the  middle  part  of  the  tube.    Two  pairs  of  wall 
probes  P3  and  P4  were  mounted  in  a  plane  "perpen- 
dicular  to  the  axis  of  thr  tube.    The  mode  m  and 
the  frequency  f  of  the  helical  instability  were 
measured  with  thèse  wall  probes.    The  wave  length 
A  and  the  frequency  f  of  the  ionization  waves 
were  measured  with  the  optical  observation  of  the 
side  light  from  the  discharge  tube.    For  typical 
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examples,  the  dependencies  of  A  ,  f  and  E„    as  a 
function  of  B  are  shown  in  Fig.  3.    Here  t^e  ion- 
ization  waves  occur  above  Bp    When  B  is  raised 
further,  the  ionization  waves  coexist  with  the 
helical  instabilities  that  start  above  B^,,  and 
that  Eq^  increases  rapidly. 

Discussion:  The  theoretical  curve  of  Eqz-vs-B  cal- 
culated  from  the  classical  diffusion  theory  is  in- 
dicated  by  the  full  line  for  V=0  in  Fig.  3.  The 
theoretical  curve  below       shows  a  satisfactory 
agreement  between  the  theoretical  values  and  ex- 
periments.    Above  B^  the  expérimental  values  of 
Eqz  exceed  slightly  the  theoretical  values  for  i 
=0,  and  above  B^,  the  great  discrepancies  between 
the  theoretical  values  and  experiments  arise  due 
to  appearance  of  the  helical  instabilities.  IVe 
attend  to  the  results  that  in  the  région  between 
Bi  and  B^,  the  expérimental  values  of  Eg^  exceed 
the  theoretical  values  for      =0.    The  theoretical 
values  calculated  from  the  nonlinear  theory  of 
ionization  waves  are  indicated  by  the  broken  lines 

This  theoretical  curve  is  in  agreement  with 
the  expérimental  values  in  the  région  that  the 
ionization  waves  appear. 

'.Ve  confirm  that,  when  the  ionization  waves  de- 
velop  above  B^,  the  perturbed  electric  field  E^ 
causes  to  increase  the  températures  of  électrons 
and  ions,  and  then  the  diffusion  coefficients  of 
charged  particles  become  more  than  the  classical 
diffusion  theory  in  the  equibrium  state.  There- 
fore  the  electric  field  Eq^  in  the  axial  direction 
increases. 

IVe  can  draw  the  following  conclusions:  1)  The 
ionization  wave  near  Bc  is  only  a  positive  ion- 
guided  ionization  wave.     2)  The  ionization  waves 
cause  to  increase  the  mean  énergies  of  électrons 
and  ions  according  to  nonlinear  effects  of  waves. 
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Fig.  3    Theoretical  and  Expérimental 
values  of    E  -vs-B 
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Introduction  In  a  séries  of  publications 
the  radial  inhomogeneous  heating  of  gas 
characterlstic  of  médium  pressure  dis- 
charges is  conaidered  to  be  the  reason 
for  the  contracted  state  of  the  positive 
column  in  rare-gaa  discharges.  Expéri- 
mental and  theoretical  investigations  in 
argon  and  neon  discharges  at  pressures 
of  several  hundred  torr/l-4/  demonstra- 
ted  that  the  abrupt  contraction  as  well 
as  the  appearances  linked  to  it  can  be 
explained  without  regarding  the  radial 
gas  température  gradient.  The  involve- 
ment  of  the  energy  balance  of  the  atoms 
in  the  initial  équation  System,  however, 
results  in  a  better  quantitative  corré- 
lation of  theory  and  experiment  /4/.  The 
présent  study  investigates  the  contrac- 
tion mechanism  of  the  column  of  a  hélium 
discharge  at  médium  pressures. 
Expérimental  results  Fig.l  shows  the  mo- 
notonous  change  of  the  potential  gradient 
E(curves  1,2,3,4,5  correspond  to  values 
p  R=1 00,  200,300,  500,700  torr  cm,R=1  cm) 
in  dependence  on  the  discharge  conditions 
at  a  constant  wall  température  6  »  320°K. 
The  effective  current  cross  section  /x 
(a  rate  for  the  degree  of  contraction) 

/>«.=  dL-r       .  i  (  r )-current 

density,  is  ^2s0, 12(in  the  case  of  Bessel 
distributionyUî»0,24).  This  weak  current 
contraction  is  caused  by  the  radial  in- 
homogeneous heating  of  gas.  The  charac- 
ter  of  discharge  fundamentally  changes  in 
the  case  of  free  température  exchange  of 
the  discharge  tube  with  the  surrounding 
air.  The  examples  of  E  and/X- in  fig.2 
show  an  abrupt  change  of  ail  plasma  para- 
meters  if  a  critical  current  value  is 
reached(pQR=lOO  torr  cm).  A  weak  radial 
contraction  of  the  continuum  radiation 
and  a  strong  contraction  of  the  line  ra- 
diation ia  characterlstic  of  this  appear- 
ance. 

Discussion  The  starting  point  for  the 
calculation  of  the  plasma  parameters  is 
an  équation  System  consisting  of  the 


balance  équation  of  the  charge  carriers, 
the  energy  balance  équation  of  the  atoms 
and  électrons  and  the  équation  for  pres- 
sure and  discharge  current/4/.  The  ioni- 
zation  model  of  paper  /4/  was  used  with  I 
and  r  as  effective  rates  of  ionization 
and  recombinat  ion  considering  the  présence 
of  atomic  and  molecular  ions  in  the  dis- 
charge. The  expérimental  results  can  be 
qualitativly  explained  with  the  help  of 
this  équation  System  taking  into  account 
the  peculiarity  of  the  elementary  pro- 
cesses in  a  hélium  discharge.  Since  the 
electron-atom  collision  frequency  in  the 
elastic  range  for  hélium  does  not  dépend 
on  the  électron  velocity  and  thus  the 
ionization  frequency  is  not  a  nonlinear 
function  of  the  électron  concentration, 
its  radial  decrease  is  determined  by  a 
term  of  the  kind  X  ~  (-e.vy«iXg^) 
with  V^-first  excitation  potential,  T^  - 
électron  température.  There  are  no  data 
in  the  literature  on  the  coefficient  of 
the  dissociât ive  recombinat ion  in  hélium 
at  médium  pressures.  Due  to  the  position 
of  the  intersection  of  the  potential 
curves  of  the  molecular  ion  and  the  quasi- 
molecule  in  the  range  of  the  third  vibra- 
tional  level  we  can  assume  that  the  re- 
combinat ion  of  molecular  ions  in  higher 
vibrational  states  occurs  with  slow  élec- 
trons. On  the  assumption  that  the  distri- 
bution of  thèse  ions  over  the  vibrational, 
levels  at  médium  pressures  is  mainly  de- 
termind  by  collisions  with  atoms  the  num- 
ber  of  the  recombination  events  pçr  linit 
time  and  unit  volume  must  contain  a  term 
r~iUcf>(-ey;y/^e)        wlthV^ -potential 
of  the  vibrational  level  in  the  range  of 
the  intersection  of  the  potential  curves, 
6-atom  température.  In  this  model  the 
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(2) 


transition  to  the  column  in  the  recombi- 
nation  range  is  possible  which  is  net 
accompanied  by  a  current  contraction  if 
the  radial  decrease  of  the  ionization 
rate  proceeds  more  planar  than  that  of 
the  recombinat ion  rate, 
This  is  the  case  if  in  the  ratio  I/n 

the  parameter  is 

In  the  opposite  case  contraction  will 
occur.  Pig.3a)b)  show  the  résulta  of  the 
calculations  for  the  case  of  constant 
wall  température  0paî32O°K.  For  thèse 
conditions  we  can  assume  that  in-equation 
(2)  la  valid  for  ail  current  values  and 
the  calculât ed  monotonous  current  depen- 
dence  of  the  parameters  corresponds  to 
the  expérimental  observed.  At  free  tem- 
pérature exchange  with  the  surrounding 
air  the  wall  température  of  the  discharge 
tube  increases  with  increasing  current 
and  the  gas  température  6^  in  the  centre 
of  the  discharge  as  well.  As  a  resuit  of 
the  calculations  the  électron  température 
can  be  regarded  as  constant.  At  a  definite 
current  value  in-equation  (2)  changes  the 
symbol  and  thus  contraction  follows.  The 
results  of  the  corresponding  calculation 
for  increased  wall  températures  for  p^R  = 
100  torr  cm  are  shown  in  f ig.3c)d) .The  z- 
like  characteristics(fig.3c)d) )  obtained 
by  the  solution  of  the  initial  équation 
System  correspond  to  the  abrupt  transition 
from  the  diffuse  to  the  contracted  state. 
The  contraction  appearance  in  a  hélium 
discharge  is  thus  due  to  the  inhomogeneous 
heating  of  gas. 
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INTRODUCTION ;During  the  last  years  the  ki- 
netic  description  of  electrical  discharges 
in  multi-component  gas  mixtures  had  shown 
considérable  progress.This  was  the  consé- 
quence of  an  already  high  degree  of  per- 
fection in  solving  the  BOLTZMAM  équation 
for  électrons. Especially  multi-component 
gas  mixtures  are  important  in  LASERs  and 
plasma  chemical  reactors.Typical  for  such 
devices  is  a  more  or  less  marked  inter- 
action between  the  composition  of  the  mix- 
ture and  the  properties  of  the  discharge. 
Analysing  the  dissociation  of  Hx  recently 
a  first  example  of  the  influence  of  che- 
mical changes (produced  by  the  discharge 
itself)on  the  electrical  characteristic 
was  given/l/.It  could  be  shown  that  the 
négative  différentiel  résistance  of  the 
positive  coliunn  follows  from  increasing 
dissociation, which  reached  a  considérable 
extentCabout  I0a;î)at  high  currents  and 
low  pressures. Unfortunately  in  pure  hyd- 
rogen  discharges  the  space  and  time  be- 
haviour  is  often  complicated  by  standing 
or  moving  striations, fluctuations  etc. 
More  silent  opération  conditions  are  poss- 
ible in  mixtures  of  hydrogen  and  inert 
gases. 

In  this  paper  a  neon/hydrogen  mixture  is 
investigated  by  measuring  the  electric 
characteristic  and  the  degree  of  disso- 
ciation.Based  on  a  simple  theoretical  mod- 
el  the  expérimental  results  are  compared 
with  calculated  onee. 

EXPERIMENTAL  ARRANGEMENT  : The  axial  elec- 
tric field  strength  of  the  positive  col- 
umn(length:1m, radius  :1cm) was  measured  via 
two  usual  static  probes. To  reduce  the 
large  influence  of  the  électrodes  on  the 
degree  of  dissociation(effective  recombi- 
nation  at  the  metallic  surface )two  narrow 
capillaries  were  attached  in  front  of  the 
électrodes. The  degree  of  dissociation  was 
determined  using  a  WREDE-HARTECK-probe. 
In  ail  cases  the  discharge  tube  was  con- 
nected  with  a  large  dead  space. 
THEORETIC  MODELiTill  now  no  solution  of 
the  BOLTZMANN  équation  is  known  for  élect- 
rons in  the  three-component  mixture 
Ne/H/Hg.But  the  discussion  of  this  équa- 
tion shows  that  generally  the  contribution 
of  not  too  large  Ne  constituent s  only 


plays  a  rather  small  rôle  in  the  électron 
kinetics  compared  with  the  other  terms 
(resulting  from  H  and  H2)because  of  the 
small  cross-sections  and  the  large  atomic 
mass  of  Ne.Neglecting  ail  the  Ne  terras, 
the  BOLTZMAM  équation  for  électrons  in 
the  Ne/H/Hg  mixture  changes  to  that  in  the 
H/H2  mixture  with  the  only  différence  that 
the  actual(reduoed)fieldstrength  E/p^  is 
replaced  by  a  effective  one  (E/PQ)gff= 
E/Pq(1-Xq) ;XQ:relative  concentration  of 
Ne. In  the  framework  of  this  approximation 
the  Ne  admixture  in  a  molecular  gas  dis- 
charge mainly  plays  the  rôle  of  a  buffer 
gaa.Some  calculât ions  and  expe riment s  have 
shown  this  very  clearly  in  the  He/N2-mix- 
ture/2/.It  could  be,  estimated  that  up  to 
XQt$,0,5  and  (E/PQ)eff<  20  V/cmTorr  the  ex- 
plicit  influence  of  Ne  in  the  H/H2  mixture 
is  very  small. At  higher  Ne  content  the  in- 
fluence is  noticeable, especially  in  the 
H/H2  ionization  range  of  the  électron 
energy  distribution  function. 
Taking  into  account  Ne  only  as  a  buffer 
gas  the  diffusion  theory  of  the  positive 
column  in  the  Ne/H/H2  mixture  can  be  form- 
ulated  using  the  électron  energy  distri- 
bution fonctions  of  H/H2,  mentioned  in  /I/. 
Then  the  balance  équations  of  the  charge 
carriers, of  the  H  atoms  and  of  the  dis- 
charge current  give  the  basis  for  calcu- 
lating  the  coliunn  characteristic,  the  de- 
gree of  dissociation  etc. With  some  further 
simplifications  thèse  équations  read: 
(?^/rQ)2(Dg/bg)(b+/N^)  =  x^z^  +  XgZg 
XjXgZp  -  x^^(x^Zj^oN^+x^Zj^^N^+X2Zr2No)  + 
->î^x^c/4rQNQ  =  0 

i  =  ^  %^o  Vl^E 

(X  =  2,405;D  ,b  :diffusion  coefficient  and 
mobility  of ®elictrons ;b* :mobllity  of  ions; 
N.  :total  concentration  of  neutral  partic- 
les;x  ,x  , x^trelative  concentrations  of 
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Ke,  H,  and        particlea;     ,  z<|.:ionization 
rate  of  H  and  Hi;Z3,:rate  of  dissozia- 
tion  by  électron  collisions  ;  z-n_:recombina- 
tlon  rate  by  three  body  collisions  of  H 
atoms;       :wall  recombination  coefficient 
of  H  atoms ; c rthermal  velocity ; r^ :column 
radius ;Xi rdegree  of  ionization). 
The  simplifications  mentioned  are:Use  of 
only  one  value  for  the  mobility  of  the 


that  this  is  correct  wlthin  a  failure  of 
about  20%;b'^=5l,3  m^/Vs  at  1  Torr)  ;neglect 
of  the  ionization  of  Ne  and  neglect  of  the 
PEOTIIÏÏG  ionization  of  H  and        via  meta- 
s table  Ke  atoms. 

RESULTS : Pig . 1  shows  that  with  increasing 
Ee  content        the  degree  of  dissociation 
Xjj=x^x^+X2)  is  increased  too.This  is  the 
conséquence  of  the  increase  of  the  effect- 
ive field  strength.Althïough  the  hydrogen 
component  decreases  by  this  change  of  the 
mixture  ratio  the  absolute  value  of  the  H 
atom  concentration  remains  nearly  consteint 
in  the  beginning(Pig.2) .Pig.3  shows  the 
degree  of  ionization  and  dissociation  in 
dependence  on  the  discharge  current.  The 
measured  values  x^  agrée  quite  well  with 
the  theory. Pinally  Pig. 4  compares  the 
measured  and  calculated  electric  charac- 
teristic.The  two  dashed  lines  correspond 
to  the  limiting  cases  of  constant  chemical 
constitution:Ne/H2(upper  curve ) , Ne/H( lower 
curve).An  explicit  considération  of  ïïe  in 
the  B0LTZÎ4AM  équation  of  the  mixture 
would  increase  thèse  limits  which  roughly 
correspond  to  the  expérimental  values. But 
the  transit  from  the  upper  to  the  lower 
level  differs  considerably.Mainly  this 
must  be  attributed  to  the  neglect  of  the 
gas  heating  at  higher  current s. As  a  bound- 
«LTy  condition  we  used  K^=const (together 
with  n^+n2=const ) .But  actually       will  de- 
crease  with  increasing  current, giving 
higher  expérimental  reduced  electrical 
field  strengths  than  shown  in  Pig. 4. 
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Capacitive  RF  discharges  are  sustained  by  the  AC 
current  which   traverses  the  sheaths  and  superim- 
poses an     AC  voltage  to  the  DC  potential  between 
plasma  and  electrodes/walls .   When  frequency  is  low 
enough,    the  sheath  impédance  is  high  and  the  peak 
value  of  the  AC  voltage  across  the  sheath  can  be 
larger  than  the  DC  thermal  voltage  drop   :  this 
opens  a  gâte  in  the  potential  barrier  which  keeps 
the  électrons  from  leaving   the  discharge,   and  in- 
creases  the  positive  space  charge.    Steady  state  is 
reached  when   the  potential  barrier  is  restituted, 
i.e  when  the  plasma  potential  is  increased  up  to 
the  peak  value  of  the  AC  voltage  across  the  sheath. 
This  pffect   is  similar  to  rectification  and  clam- 
ping  in  electronic  circuitry.    In  connection  to  this 

also  increased,   according  to  Child's  law. 

Described  by  Wood  in  1920,   the  RF  plas- 
moïds  are  localized  glow  discharges  produced  at  a 
pressure  between  10"^  and   10"'^   Torr  by  excitation 
at  a  frequency  iO /ZV  between  1   and  1  OD  MHz.  They 
appear  in  shape  of  disks,   balls,   spindles  floating 
far  apart  from  the  walls  [l]  .   The  RF  plasmo'id  is 
a  résonance  sustained  discharge  in  free  fall  ré- 
gime  ;    in  electronegative  gases,   the  négative  ion 
density  is  much  larger  than  the  electronic  density, 
in  such  a  way  that  the  plasma  potential  distribu- 
tion is  quasi-uniform  and  that  the  ion  free  fall 
velocity  is  related  to  the  ionic  température  Tj 
and  not  to  the  electronic  température  Tg    •  Référen- 
ce [2]  givBS  a  comprehensive  survey  of  the  corres- 
ponding  literature. 

The  scope  of  this  paper  is  the  analysis 
of  a  still  unexplained  aspect  of  the  behaviour  of 
RF  plasmoïds  :  when  gas  pressure  is  reduced,  the 
sheath  gets  increasingly  broader  and  the  plasma 
contracts  and  suddenly  disappears.  In  the  présent 
work,  the  unidimensional  modal  of  a  slab  of  plas- 
ma excited  between  two  plane  électrodes  is  consi- 
dered   ( f ig .   1  )  . 

This  model  describes  the  plasmoîd  as  a 
discharge  sustained  by  a  résonance  between  sheath 
and  plasma   (the  électron  collision  frequency  V 


te. 
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plasma 
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Us 
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onal  model  of  the  RF  pla; 


is  smaller  than  Oi  ).  This  résonance  increases 
both   the  plasma  RF  field  and  the  sheath  RF 

field    Ep     according  to  the  formulas  : 


with    :V    :   applied  RF   voltage,    L     :  électrode 
spacing      Iq  :    sheath  thickness 

X  =  (cOp/oj)^   where    COp/ZlT    is  the  plasma 

frequency     %  = U/uJ  .    N>   is  the  sum  of  the 

electron-neutral  collision  frequency   Oq     and  of 
an  équivalent  collision  frequency    o'    due  to 
electron-sheath  interactions 

[3]- 


"  L(i-e2) 


The  sheath  RF  voltage  ; 


I  <1 


V    9g  \/(i-x)^  +e^x^g^ 

2     V0-62X)2  +9'»  XZÇ2 
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and,  if  the  thermal  effect  is  neglected,  Child's 
law  gives  : 

(e  :  électron  charge  ;  £q  :  permittivity  of  free 
space   ;   k     :   Boltzmann's  constant). 

The  plasma  équations  are  the  population 
and  the  power  balance  équations  : 


(6) 


^'  L(1-02) 

sation  frequency.  M  : 


The  RF  plasmoïd  appears,  around  10-3  Torr, 
with  a  relatively  thin   sheath    :      6  <^ 1  .  At 

this  pressure    \>  '  <  Uq   <  tO         and    ^      is  small 
and  proportional  to  pressure  .   The  denominator 

of  the  fraction  in  <£     is  reduced  to  (l-G^X)^  . 
%   is  essentially  constant,   as  V>,*     ,   when    9  is 
small.   For  two  sets  of  values  of   p    ,     6     and  X 

(9)       i-e|xe  [p^j 

and  if  we  neglect  the  variations  of    X     which  are 
small,   introducing  into   (5)   gives  : 


=  Po/  P,(u)v.F(u)du 


(Po 


itral  pressure,    V     :   électron  velocity 
Pj  :    ionization  probability  at   1  Torr 

F(u)    :   energy  distribution  U    :   energy  in  eV  ) 


0-e^x)^  +  e'^x2ç2 

and:         51.  =  e  U  j  0,  +  e  Z  Ug^        +  eV^  ^  i 

where    «jfi    is  the  power  per  électron  transferred 
from  the  RF  field  to  the  energy  distribution  and 
51  the  power  per  électron  spent  in  ionization, 
excitation,   and   ion  wall  losses. 


Figure  2 
Energy  balanc 


The  sheath  thickness  increases,  when  the 
jressure  is  reduced  as  p~^/^ 

When  the  size  of  the  plasmoïd  is  reduced, 
e    —    1  ,   and    \)j      increases.   Fig.    2  shows  that 
-lie  wurking  point  is  clooer  and  doser  to  the  dipc- 
.ar  résonance.   The  maximum  of  curve  èB  is 


(11) 


where  Ç   =   VJ /cO      when    \)o        0       .    Ç  increases 
when    9       1   and    oSrnsx.    decreases.  When  curve 
%      rs  higher  than  this  maximum,   no  energy  balance 
can  be  obtained  and  the  plasmoïd  disapear. 

A  strong  increase  of  Ç  can  be  expected 
when  (1-9^)  L  is  of  the  order  of  the  oscillation 
peak  to  peak  amplitude  :  no  plasmoïd  can  exist  with 
a  thickness  smaller  than  this  amplitude   ( 2  cm 


typical  , 


e). 


The  présent  analysis  of  the  decrease  in 
size  and  disapearance  of  RF  plasmoïds  is  based  on 
the  behaviour  of  the  RF  sheath,   which  is  considered 
more  important  than  thermal  effects  related  to 
Debye  shielding  distance.    In  the  plasma,   the  pré- 
sence of  a  large  density  of  négative  ions  reduces 
the  relevant  Debye  distance  to  a  very  small  frac- 
tion of  the  plasmoïd  thickness  in  ail  the  range  of 
neutral  pressure  where  it  can  be  obberved. 
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CHARACTERISnCS  OF  THE  COMBINED  DISCHARGE  IN  AVERAGE  PRESSLRE  GAS 


Yu.  I.  Bichkov,  V.V.  Osipov,  V.A.  Teinov. 

The  U.S.S.R.  Aoademy  of  Sciences,  Siberian  Branah,   the  High-aurrent  Electronics  Institute,  Tomsk. 

A  mesh  wae  deposlted  Into  the  gas  gap 

made  up  witJi  two  main  round  électrodes 

with  the  dlameter  of  12  cm    and  with  a 

distance  of  5  cm  between  them,  A  charged 

2  uPd  capacitor         was  connected  with 

the  main  électrodes,  it  being  charged  up 

to  U    that  was  chosen  less  than  the  sta- 
o 

tic  breakdown  voltage  for  the  given  gap, 
High-voltage  puises  were  supplied  to  the 
mesh  by  closing  of  the  commutator    K  , 
each  capacitor  C^^  and  Cg  (C^oCg)  being 
discharged  into  the  gap  mesh-anode  and 
mesh-cathode  relatively  producing  plasma 
with  a  required  électron  density.  The  do- 
minant amount  of  encrgy  is  put  into  the 
gas  by  means  of  a  discharge  capacitor 
in  a  régime  of  semi-self-maintained  dis- 
charge.  A  spark  gap  as  well  as  thyratron 
were  used  as  a  commutator* 
Eo,  ^cm'^aim'/ 

Ei=0.02^-cm-^-atm-J 


Creatlng  high-power  C02-lasers  by  a  com- 
bined  excitation  way  that  stimulated  fur- 
ther  improving  of  this  method  and  further 
reseeœch  of  dischea^ge  characteristics  is 
perspective  [ 1,2,3.4,]  The  combination  of 
both  the  puise  self-maintained  and  the 
main  semi-self-maintained  discharges  are 
used  in  the  combined  excitation  méthode. 
The  self-maintained  discharge  is  produced 
by  a  high-voltage  short  time  puise  source 
to  create  plasma  with  an  électron  density 
required.  The  main  semi-self -maintain  dis- 
charge requires  lower  voltage  on  the  élec- 
trodes. Usually  the  large  inductor  being 
used  as  a  decoupling  élément  prohibits 
shunting  of  a  high  voltage  puise  circuit 
by  the  main  discharge  source  [2,4] .  The 
présence  of  the  decoupling  éléments  makes 
the  discharge  characteristics  worse.  There 
is  our  concept  in  which  two  high  voltage 
puise  sources  are  used,  their  own  currents 
flowing  in  the  opposite  direction,  It  en- 
abled  us  to  get  rid  of  the  decoupling  élé- 
ments and  to  carry  on  the  energetic  data 
researches  of  the  combine  discharge  at  a 
high  input  energy  density  into  nitrogen 
of  an  average  pressxare.  The  circuit  scheme 
of  this  device  is  shown  in  fig.  1. 


3.otm. 


0.15 


Fig.  2 


Fig.  1 


Fig.  2  shows  the  input  energy  density  by 
the  main  discharge  into  nitrogen  as  a 
function  of  the  pressiire  at  various  values 
of  the  E/P.  The  pressure  range  P  b  0.05  - 
-  0.15  atm.  at  values  of  E/P-6-7  Vcm"^ 
torr"^  high  input  energy  densities    E  ■ 
0.2  -  0.3|-cm  ï^atm.  are  achieved.  In  this 
range  the  energy  density  Ep"0.02|-cm~j'atmT'*' 
put  by  the  puise  self-maintained  discharge 
was  less  than  10  percent  of  that  put  by 
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the  main  dis charge.  The  fig.  3  shows  the 
dependence  of  the  energy  density  put  by 
the  semi-self -maintained  discharge  E  at 
varlous  values  of  E/p  as  a  functlon  of 
the  density  energy  put  by  the  self-maln- 
tained  discharge  E^.  Elo^V-Cm-Un^'f 


0.02      0.0U     0.06      0.08  0.1 
Pig.  3 

Thus,  the  puise  self -maintained  discharge 
using  a  negligible  amount  of  energy  créât- 
es the  plasma  with  an  électron  density 
required.  The  time  of  the  discharge  con- 
traction appearance  as  a  functlon  of  the 
energy  density  E^  is  shown  in  fig.  4. 

P=0.05aim.  ,^ 
  i.o 

2.0 

15 

1.0 

OS 


8.Q5Vcm-^iûr' 


001  0.02  0.03 

Fig.  4  ° 
The  électron  density  "Ne"  created  by  the 
puise  self-maintained  discharge  as  a  func- 
tlon of  E-j^  is  represented  here  as  well. 
Since  the  gas  flow  in  gaps  is  missed  in 
the  présent  researches  the  discharge  con- 
traction was  sxxre  to  occxir  at  high  energy 
denaities  put  by  the  main  discharge.  The 
time  ,tg  as  a  function  of  E^  indicates  the 
high  discharge  stability.  Really,  at 
Ej^=  0.025|-cm~?atm7-'-  and  E/p  =  8.05  V.cm"^ 
torr"    the  energy  density  in  put  by  the 
main  discharge  is  E^=  0.25^cm''?atm"''-,here 
the  discharge  stability  time  is  tj=  lO'^s. 
High  stability  of  the  discharge  an  able 
us  to  carry  on  the  experiment  with  the 


puise  self-maintained  discharge  répétition 
rate  "f"  =  3,5»10-^p.sec~-^.  The  average 
power  density  P  in  put  into  the  main  dis- 
charge and  the  discharge  stability  time 
tg  as  a  function  of  E/p  are  shown  in  fig. 
5.  At  E/p  =  8  V-cm-î-torr"-'-  the  average 
power  density  put  by  the  main  discharge 
reaches  P  =  36  W  cm"^,  here  the  discharge 
stability  time  is  t^  =  6  10"*s. 

^Q\P,W-cm-^  ts,ms 
p-0.1atm 


30 


1.0 


1.5 


3        4         5        6        7  8 

Pig.  5  ElpMcm'-ior:^ 

The  less  E/p  the  more  t^  but  the  average 
power  density  decreases.  The  represented 
characteristic  show  that  the  given  dis- 
charge has  a  high  stability  that  enables 
to  put  high  energy  densities  per  each 
puise.  The  usage  of  the  given  excitation 
method  in  gas  flow  Systems  at  relatively 
low  gas  flow  speeds  enables  to  produce 
the  high  average  power  density  put  into 
the  gas  by  both  the  continuous  discharge 
régime  and  by  the  régime  of  the  discharge 
with  a  high  puise  répétition  rate. 
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STABILITY  OF  THE  PLA9MA-SHEATH 
R.N.  Franklin. 

The  aity  University  Northampton  Square^  London. 
The  existence,  properties  and  structure  of  the 
sheath  which  forms  adjacent  to  any  surface  in  contact 
with  a  plasma  have  been  studied  in  considérable  détail  in 
récent  years.    In  the  case  of  low  density  plasmas  when 
the  space  charge  dominated  région  is  of  the  order  of 
several  Debye  lengths  thick  and  the  charged  particle 
motion  coUisionless,  the  requirement  that  the  potential 
is  monotonie  leads  to  the  Bohm  criterion.    This  has 
been  generalized  to  include  an  ion  distribution^ .  The 
requirement  imposed  relates  to  spatial  and  not  temporal 
variations  and  so  the  stability  of  the  solution  is  not 

investigated. 

Stability  analysis  of  the  sheath  is  inherently 

complicated  in  comparison  with  situations  in  uniform 
plasma  because,  even  in  the  simplest  fluid  model  of  ion 
motion,  the  charged  particle  densities  and  the  ion  speed 
are  ail  functions  of  position.    However,  such  analyses 
have  in  principle  been  carried  out  for  some  conven- 
tional  situations.    At  high  frequencies  comparable  with 
the  électron  plasma  frequency  studies  of  the  Tonks- 
Dattner  résonances  both  experimentally^  and 
theoretically^'"*  have  shown  that  électron  plasma  waves 
undergo  absorption  as  they  propagate  into  the  sheath  and 
are  reflected.    Corresponding  work  at  frequencies  of 
the  order  of  and  below  the  ion  plasma  frequency  has 
alao  shown  that  ion  modes  propagating  on  the  ion  "beam" 
which  leaves  the  plasma  and  traverses  the  sheath  are 
absorbed.    One  concludes  that  the  conventional  plasma 
sheath  is  stabîe. 


There  is  a  situation  which  arises  in  high  tem- 
pérature plasmas,  e.g.  fusion  reactors  or  when  the 
bounding  surface  is  électron  emissive  which  is  a  priori 
prone  to  instability.  In  this  case  an  électron  'beam' 
leaves  the  surface  and  interpénétrâtes  the  ion  'beam' 
travelling  in  the  opposite  direction.  The  steady  state 
analysis  of  this  two  stream  situation  has  been  given^  and 

is  directly  related  to  that  for  a  hot  cathode^.  Récent 
7 

extensions  have  been  made  .     The  design  of  divertors 
dépends  upon  whether  thèse  steady  state  solutions  are 
physically  significant,  or  as  a  resuit  of  instability, 
merely  mathematical  curiosities. 

A  complète  analytical  solution  is  impossible  and 
so  we  examine  an  approximate  model  based  on  the 
foUowing  assumptions. 

1 .  The  situation  is  stable  so  that  the  steady  state 
solutions  for  number  density  and  particle 
velocities  are  meaningful. 

2.  The  variation  of  the  'plasma'  parameters  is  not 
so  rapid  as  to  render  the  use  of  uniform  plasma 
theory  corresponding  to  the  local  parameters 
invalid. 

3.  Instability  will  resuit  at  any  frequency  if  a 
disturbance  at  that  frequency  grows  sufficiently 
rapidly  spatially  as  the  sheath  is  traversed. 
Growth  by  a  factor  of  e^  or  e^  is  taken  as  a 
criterion. 

The  foUowing  équations  describe  the  steady  state 

n      =  n„  exp-*     for  the  'plasma'  électrons 

"ip  "  "o  ^  ^  — 2  ^"'^       'plasma'  ions 


"eb  "^"o^ %         ^    for  the  'emitted' électrons 
whereij  is  the  potential  normalized  to  the  électron 
température,   n^  is  the  density  of  plasma  électrons 
and  o^n^  the  density  of  surface-derived  électrons  in  the 
plasma,  u.^  is  the  ion  speed  on  leaving  the  sheath 
normalized  to  the  ion  acoustic  speed  c   =  (  /  , 

s  V  M  y  • 

is  the  normalized  potential  différence  between 
plasma  and  surface.    The  équations  are  closed  by 
solving  Poisson's  équation  with  boundary  conditions 
Y  =  0  and         =0  as  ]^       »0 . 

For  a  given  frequency  Ci  the  imaginary  part  k. 
of  the  wave  number  is  determined  by  solving  the  fluid 
dispersion  relation 


1 


2Ê£_ 


.2  ,2  . 


JD1£_ 


60 


peb 


0, 


CO  -k   Cg         ((a+  kVj)        (O-  kVg) 

where  W     ,    fiO  .  ,   «0  .  are  the  local  plasma 
pep       pip      peb  ^ 

frequencies  and  Vj  and       the  speeds  of  the  ion  and 
électron  'beams'. 

The  range  of  parameters  to  be  examined  is 
determined  by  the  fact  that  for  any        there  is  a 
limiting  value  of  0(  corresponding  to  zéro  field  at  the 
cathode.     For  9^^,  =  10. 0,  ^*  =0.175. 

In  gênerai  the  growth  rates  of  the  fastest  grow- 
ing  mode  are  low  for  small  values  of       and  of  o<  and 
the  solutions  are  stable.    A  set  of  results  for      =  0. 1 
and         is  given  in  Figs.  1-3.     Figure  1  shows  the 
number  densities  and  particle  speeds  as  a  function  of 
the  distance  from  the  cathode.     Fig.  2  gives  dispersion 
diagrams  for  ?  =  3. 0  (dashed)  and  ^=4.6  (solid). 
Fig.  3  gives  spatial  growth  rates  as  a  function  of 
frequency  and  for  thèse  parameters  they  are  sufficiently 
high  for  the  situation  to  be  classified  as  marginally 
uns  table . 

We  conclude  that  for  high  émission  currents 


instability  can  set  in. 
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RADIOFREQUENCY  DISCHARGE  TESTS  WITH  HELIUM  FLOW 


M.E.  Talaat. 

University  of  Maryland,  Department  of  Meohanical  Engr.  Collège  Park,  Maryland  20742,  U.S. A. 
Steady  state  eleven  magacycle  radiofrequency 


discharge  test  runs  were  conducted  with  hélium 
flowing  inside  a  quartz  tube,  having  an  ID  of  2.2 
cms,  at  reduced  pressures,  Pp=Pgas  (273.15/1^^^) , 
in  the  range  of  210  te  360  torrs,  flow  velocitics, 
u,  in  the  range  of  440  to  485  m/s  and  electric 
field  to  reduced  pressure  ratios,  (e/Pq)'  the 
range  of  1.7  to  3.7  V/cm-Torr.    External  cylindrical 
électrodes  which  were  wrapped  around  the  2.5  cm  OD 
of  the  quartz  tube  provided  the  terminais  for  ap- 
plying  the  raiofrequency  discharge  voltage.  Eac"^ 
électrode  had  an  axial  length  of  about  2.4  cms  and 
the  two  électrodes  were  sépara ted  by  an  axial  inter- 
electrode  distance  of  2.2  cms,  with  one  électrode 
being  connected  to  the  ground  of  an  800  watt,  11 
megacycle  RF  power  supply.    The  test  section  was 
fitted  into  the  closed  loop  Magnetoplasmadynamic 
(MPD)  Facility  of  the  University  of  Maryland,  and 
the  System  was  operated  with  high  purity  hélium 
under  steady  state  conditions  at  the  desired  mass 
flow  rates,  pressure  and  température  levels.  The 
radiofrequency  ionization  of  the  high  velocity 
hélium  was  maintained  by  establishing  a  0.1  to  0.5 
ampère  steady  state  11  MHz  discharge  parai lel  to 
the  flow  axis  of  the  quartz  tube  test  section  and 
the  RF  discharge  current  versus  the  applied  RF 
voltage  across  the  external  ring  électrodes  were 
measured  for  each  set  of  steady  state  dynamic  oper- 
ating  conditions. 

Several  important  observations  were  made,  both 
in  regard  to  the  shape  of  the  RF  discharge  and  its 
quantitative  character.  In  regard  to  the  shape  of 
the  PF  discharge  in  hélium  with  flow: 
(a)  When  the  flow  velocity  was  on  the  order  of  one 
meter  per  second  or  less  (i.e.,  almost  the  static 


discharge  case),  the  RF  discharge,  e.g.  at  0.682 
ampr:»-e  and  (c/Pp)  =  1-89  V/cm-torr,  tended  to  con- 
strict  near  the  center  and  to  extend,  almost  sym- 
metrically,  beyond  the  électrodes  at  both  ends. 

(b)  At  a  hélium  flow  velocity  of  about  480  me- 
ters/second,  with  the  external  high  voltage  élect- 
rode being  upstream  and  the  grounded  électrode 
being  downstream,  the  RF  discharge  (e.g.  at  0.495 
ampère  and  e/p^  of  3.574  vots/cm-torr )  extended 
about  2.2  cms  upstream  beyond  the  high  voltage 
ring  électrode  opposite  to  the  direction  of  the  gas 
flow,  but  the  discharge  was  not  constricted. 

(c)  At  a  hélium  flow  velocity  of  about  465.4 
meters  per  second,  with  the  external  high  voltage 
électrode  being  downstream  and  the  grounded  élect- 
rode being  upstream,  the  RF  discharge  (e.g.  at  0.455 
ampère  and  c/p^  of  3.212  volts  cm-torr)  extended  by 
about  2.2  cms  downstream  beyond  the  high  voltage 
ring  électrode  in  the  direction  of  the  He  gas  flow. 
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Again  the  discharge  was  not  constricted. 

From  a  quantitative  viewpoint.  Figure  1  gives 
plots  of  the  RF  discharge  current,  I,  versus  (e/Pq), 
for  four  différent  hélium  flow  velocities  viz.  u  < 
1  meter/second  (i^e.,  nearly  the  static  discharge 
case),  u=451.8  m/s,  u=465.3  m/s  and  u=485.1  m/s. 
Thèse  curves  correspond  to  data  taken  with  the  high 
voltage  ring  électrode  being  located  downstream  and 
the  grounded  électrode  located  upstream.    They  indi- 
cate  clearly  the  sensitive  dependence  of  the  RF  dis- 
charge current  for  a  given  value  of  (e/Pp)  on  the 
flow  velocity  u.    Thus,  for  example,  at  an  (e/Pg) 
value  of  2.42  volts/cm- torr,  the  observed  RF  dis- 
charge current  decreases  substantial ly  from  a  value 
of  0.936  ampère  at  a  flow  velocity  u  <  1  m/s  to 
0.194  ampère  at  u=451.8  m/s,  to  0.155  ampère  at 
u=465.3  m/s  to  0.116  ampère  at  u=485.1  m/s.  Or 
stated  differently,  we  find  thaL,  for  example,  for 
an  RF  discharge  current  of  0.325  ampère,  the  requir-- 
ed  (e/Pq)  value  to  maintain  that  current  increases 
from  1.39  V/cm-torr,  for  the  flow  velocity  of  less 
than  one  meter  per  second  to  2.74  V/cm-torr  for  a 
flow  velocity  of  451.8  m/s  to  2.92  V/cm-torr  for  a 
flow  velocity  of  465.3  m/s  to  3.39  V/cm-torr  for  a 
flow  velocity  of  485.1  m/s. 

F-gure  2  gives  plots  of  the  quantity  I/(e/p^) 
versus  (e/Pq)»  '''or  the  same  set  of  four  hélium  flow 
velocities  of  Figure  1.    The  quantity  I/(c/p^)  gives 
us  a  measure  of  the  électron  density  generated  by 
the  discharge.    For  example,  if  we  consider  the 
elastic  collision  frequency  of  the  électrons  to  be  a 
constant  with  energy  of  the  électrons  and  equal  for 
hélium  to  (2.55)10^  p^  second"^  (F.  H.  Reder  and 
S.  C.  Brown,  Phys.  Rev.,  Vol.  95,  Nov.  4,  1954,  p. 
885),  then  the  électron  density  n^^  at  the  center 
of  the  discharge  may  be  obtained  by  multiplying  the 
quantity  l/{c/p^)  in  ampere-cm-torr/vol t  by 
(9.0508)10^ Vn  (Ai  sq  cm),  where  A^  is  the 
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discharge  cross  sectional  area  in  sq.  cm.,  and 
is  an  averaging  factor  which  dépends  on  the  radial 
spacial  distribution  of  the  électron  density 
(e.g.       =  0.4323  for  a  zéro  order  Bessel  function 
distribution) . 

We  can  see  from  Finure  2  that  in  order  to 
maintain  a  certain  value  of  I/(e/p^)  (or  the 
corresponding  value  of  n^^);  the  required  electric 
field  per  torr  of  red'iced  pressure,  (e/Pq).  in- 
creases with  increase  in  the  flow  velocity.  For 
example,  to  maintain  an  I/(e/p^)  =  0.12  Amps-cm- 
torr/volt,  the  required  value  of  (e/p^^)  increases 
frcm  1.24  V/cm-torr,  '.jhen  the  flow  velocity  is  less 
than  one  meter/sec  (viz.,  the  nearly  static  dis- 
charge case)  to  2.74  V/cm-torr  for  a  flow  velocity 
of  451.8  m/s,  to  2.99  V/cm-torr  for  a  flow  velocity 
of  465.3  m/s,  to  3.63  V/cm-torr  for  a  flow  velocity 
of  485.1  m/s. 
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INTRODUCTION 

The  effects  of  diatomic  impuritieG  on  the 
electrical  oharacteristics  of  the  electrodeless 
discharge  at  higji  frequency  have  been  studied  by 
varions  workers  (l.2).    Thèse  measurements  have 
ooncen-trated  on  observations  of  breakdovm  stress 
and  maintaining  currents  ajid  fields.    The  work  has 
been  directed  towards  the  development  of  non  - 
destructive  testing  techniques  for  the  gaseous 
purity  of  discharge  lamps.     This  paper  describes 
and  accounts  for  harmonie  génération  in  the 
discharge  current  which  is  a  function  of  the  gas 
composition. 

EXPERIMENTAL  ARRANGEMENT  &  MEASUREMENT  PROCEDURE 

Modifications  have  been  made  to  the  apparatus 
previously  employed  (l)  to  give  an  increased  and 
more  uniform  field.  The  expérimental  arrangement 
is  shown  in  Pig.  1.  Electrical  fields  of  up  to 
2.4  kV  m      at  3.172  KIHz  are  attainable.  Provision 
has  been  made  for  gas  pipetting,  enabling  mass- 
spectrometer  calibration  to  low  partial  pressures 
to  be  carried  eut.    A  electrical  balancing 
procediire  enables  measurements  of  breakdown 
voltages  and  discharge  currents  (using  current 
probes  CP1  and  CP2)  to  be  made  for  several  argon- 
nitrogen  mixtures  at  various  pressures.  The 
technique  for  measurement  of  discharge  current 
is  similar  to  that  reported  previously  (l). 

The  discharge  current  is  also  analysed  for 
harmonie  content  using  a  spectrum  analyser,  and 
it  is  found  that  there  are  always  higher  order 
harmonies  présent  which  are  generated  by  the 
discharge.  Experimentally,  the  electric  field  is 
varied  and  the  values  of  the  discharge  currents 
and  their  harmonies  are  measured.     The  variation 
of  harmonie  content  with  fundamental  discharge 
current  in  a  typieal  case  is  shown  in  Pig.  2. 
Generally,  at  higher  values  of  discharge  current, 
the  fifth  and  higher  order  harmonies  exhibit 
minima  which  are  due  to  électron  ambit  effects. 
Wheïi  an  extensive  set  of  data  is  examined  it  is 
possible  to  détermine  the  variation  of  harmonie 
content  with  changes  of  nitrogen  concentration 
in  argon.  Thèse  results  are  shown  in  Pig.  3.  It 
is  clearly  évident  that  as  the  nitrogen 
concentration  falls,  so  does  the' harmonie  content. 
The  results  are  taken  at  a  discharge  current  of 
50  mA.    This  choice  of  current  is  somewhat 
arbitrary.  However,  if  the  current  seleeted  is 
too  high  (>90  mA)  the  électron  ambit  becomes 
sufficiently  important  to  alter  the  harmonie 
structure  radically.  Sélection  of  a  lower  current 
leads  to  a  loss  of  resolution  of  the  spectrum 
analyser.    At  pressures  near  to  40  torr,  whilst 
the  magnitude  of  the  discharge  current  is 
dépendent  on  the  pressure,  the  relative  harmonie 
content  is  less  sensitive.  Gonsequently,  the 
errors  indicated  in  Pig.  3.  allow  for  an 
expérimental  variation  in  the  argon  base  pressure 


of  +8  torr.    The  results  also  suggest  that  the 
method  is  capable  of  detecting  impurity 
concentrations  down  to  50  p. p. m..  This  is  a 
significant  improvement  on  the  method  developed 
by  Clancy,  Clark,  and  Earl. 

THEORY  OP  HARMONIG  GENERATION 

It  is  thought  that  the  reason  for  the  présence 
of  the  harmonies  is  the  time  variation  of  the 
électron  veloeity  distribution  function.  Margenau 
and  Hartmann  (3)  have  shown  that  higher  order  time 
harmonies  than  the  fundamental  are  negligible  for 
A.C.  fields  when    oi?>fl>f^    (where      is  the  angular 
field  frequency, /(>l^is  the  fractional  momentum 
transferxcollision  frequency).    This  inequality 
does  not  apply  for  the  discharges  we  are  studying. 
Since  the  distribution  function  is  eontrolled  by 
the  various  collision  cross  sections  of  the 
constituent  gases  in  the  discharge,  the  time 
variation  of  this  function  will  also  be  uniquely 
determined  by  the  gases  présent. 

The  veloeity  distribution  fmetion  is 
derived  from  the  solution  of  the  time  dépendent 
Boltzmann  équation  (4): 

...0) 


Since  the  électron  drift  veloeity  is  much 
less  than  the  random  électron  veloeity,  f  can  be 
approximated  as: 

.  .  ON 


This  approximation  represents  the  first  two 
terms  in  the  expansion  of  f(Y,t)  in  spherical 
harmonies,  where  f©  is  the  isotropic  term.  The 
distribution  function  may  be  further  resolved 
into  Poirrier  time  harmonies  as: 

.     %        et     J<^^    rl  l)<*^ 


(3) 


The  dominant  loss  process  in  the  discharge 
is  diffusion,  and  since  the  diffusion  time  is 
long  compared  with  a  field  period,  the  électron 
density  cannot  vary  signif icantly  within  that 
time.  Taking  this  into  account,  it  can  be  shown 
that  terms  of  the  form  f^  axe  zéro  when  (m  +  n) 
is  odd.    Gonsequently,  _  ^ 

f(u-,0  -  f:(»•>rft<»^^•'^;M         ,  , 

The  directed  f^  terms  give  rise  to  the 
fundamental  and  harmonie  currents: 
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FIG.  1.     ELECTRICAI,  MEASURKMEtTr  SYSTEM 


3rii.  Harmonie 
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FIG.   3.     VARIATION  OF  ilARHDNICS  WTTH  NITROGEN 
Cn;4GENTRATTnN  (50  mA    42  ±  8  tiorr)  ' 
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Substitution  of  équation  (4)  into  équation 
(1)  leads  tôt 

..  . 

'  ... 

Whilst  it  is  possible  to  generate  the  higjier 
order  équations,  thèse  become  progressively  more 
difficult  to  solve.    However,  although  équations 
(6.i)  and  (6.ii)  still  apply  in  gênerai,  they 
can  also  be  derived  dirçctly  from  équations  (1) 
and  (2),  with  ff    and       being  replaced  by  f© 
and  f^.  An  alternative  approach  to  détermine  the 
harmonies  is  to  solve  équation  (6.i)  for  f©  in 
the  steady  state,  and  following  the  method  of 
Polman  (5),  to  incrément  the  electric  field  over 
a  complète  cycle.    Equation  (6.ii)  can  then  be 
used  to  find  values  for  instantaneous  current, 
from  which  the  harmonies  may  be  derived, 

CONCLUSION 

Expérimental  measurements  of  harmonie 
discharge  currents  as  a  f\mction  of  nitrogen 
concentration  in  argon  have  been  made,  The 
production  of  thèse  harmonies  is  expected  on 
theoretical  grounds  and  work  is  proceeding  to 
evaluate  quantitavely  the  effects  of  différent 
gas  mixtures,  Of  partieular  interest  is  the 
argon-^nercuxy  +  nitrogen  mixture  which  occurs 
during  lamp  manufacture, 
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1.  INTRODUCTION 

During  past  several  years,  there  has  been 
a  growini;:  interest  in  the  silane   (SiH^)  ac 
a  material  ^'or  the  prorîuction  of  silicon 
and  its  films  /1,2/.  There  are  several  me- 
thods  to  produce  the  films  of  Si.  The  dépo- 
sition in  a  glow-discharge  in  silane  seems 
to  have  some  advantage  regarding  to  other 
methods  like  evaporation  in  vacuum  or  ca- 
thodic  sputtering  /3/.   Glow-discharge  de- 
position  is  a  complicated  processus  which 
is  not  fully  known  and  understood.  Numerous 
plasmachemical  reactions  occur  in  the  elec- 
tric  discharge  in  silane.   To  understand  and 
to  optimalize  the  reactions  it  will  be  ne- 
cessary  to  know  the  corrélations  between 
the  plasmaparameters  and  the  rates  of  the 
reactions  in  plasma.   Unf ortunately  the  sys- 
tematic  investigation  of  the  plasmaparame- 
ters in  silane  was  not  be  made  till  now. 
Only  the  dependences  of  the  film  qualities 
on  the  pressure,   on  the  discharge  power 
and  on  the  flow  rate  were  investigated . 
The  difficulty  consist  in  the  complexity 
of  the  molecular  plasma  and  its  diagnostics. 
The  aim  of  this  paper  was  the  investigation 

of  some  basic  parameters  and  phenomena  in 
the  low-pressure  discharge  in  pure  silane. 
In  order  to  obtain  informations  about  thèse 
properties,  we  have  performed  our  measure- 
ments  in  a  DC  glow  discharge,  in  which  the 
diagnostics  are  much  easier  than  in  the  ge- 
nerally  used  R.F.   discharge.  Contamination 
of  the  électrodes  is  not  immédiate  and  lea- 
ves  enough  time  to  do  the  measurements . 

2.  EXPERIMENT 

The  electric  discharge  was  produced  in  a 
quartz  tube  70  mm  in  diameter  and  800  mm 
long.  It  is  well  known  that  the  impurities 
in  "the  (3ischarge  atmosphère  influence  con- 
siderably  the  plasmaparameters  and  therefo- 


of  Technology,  Lausanne,  Switzerland. 
re  also  the  plasma  reactions  and  their  pro- 
ducts.  Therefore  a  great  précaution  was  ta- 
ken  in  the  purity  of  the  gas.  A  vacuum  of 
10~^  torr  was  obtained  in  the  tube  by  means 
of  a  mechanical  pump  in  séries  with  a  tur- 
bomolecular  pump.  The  limit  pressure  was 
measured  by  means  of  the  ionization  gauge. 
The  evacuated  tube  was  heated  to  outgas 
the  discharge  tube  walls,  the  électrodes 
and  the  probes.  Pure  silane  tapped  from  the 
cylinder  passed  through  a  flow  meter  to  a 
needle  valve  and  then  entered  the  *dischar- 
ge  tube.  The  discharge  was  produced  between 
two  stainless  steel  électrodes.  Specially 
arranged  cathode  with  adéquate  cooling  mi- 
nimized  the  contamination  of  the  discharge 
atmosphère   (less  than  0,01%).  A  highly  sta- 
bilized  DC  power  supply  powered  the  dischar- 
ge. 

'    3.  MEASUREMENTS 

Two  basic  parameters  were  investigated  :the 
electric  field  E  and  the  neutral  gas  tempe- 
rature  T  .  The  electric  field  influences 
g 

the  électron  energy  and  density  and  déter- 
mines the  électron  energy ^distribution .  The 
electric  field  may  be  measured  by  means  of 
two  probes  placed  in  the  positive  column 
or  by  means  of  the  mobile  électrode. 
The  knowledge  of  the  gas  température  is  im- 
portant for  the  investigation  of  other 
plasma  parameters  like  dissociation  etc.  It 
is  necessary  to  note  that  T^  influences  the 
gas  density  and  therefore  also  the  produc- 
tion of  charged  particles  and  transport  pro- 
cessus. There  are  several  methods *to  deter^ 
mine  the  gas  température,  most  of  them  are 
available  at  the  higher  pressures  and  at 
the  higher  currents  only.  In  our  low-pre- 
ssure discharge  where  the  température  does 
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Jiot  exceed  some  tens  of  degrees  the  utili- 
sation of  the  material  thermometers  seems 
to  be  the  most  convenient.   It  is  necessary 
to  note  that  the  introducing  this  probe  in 
a  non  isothermal  plasma  the  measured  value 
differs  more  or  less  from  the  true  value. 
Various  reactions  and  processes  occur  at 
the  probe  surface.  The  most  of  thèse  reac- 
tions are  exothermic,   they  relieve  the 
heat  and  add  a  supplementary  energy  to  the 
probe.  The  rates  constants  of  thèse  reac- 
tions dépend  on  the  probe  surface.  The  con- 
venient choice  of  the  surface  may  dimi- 
nish  the  influence  of  thèse  reactions.  Un- 
der  suitable  conditions  the  différence  bet- 
ween  the  measured  and  true  value  does  not 
exceed  1  %  /4/. 

Our  measurements  were  realised  between 
0,05  and  1  torr  and  for  plasma  currents  in 
the  range  1  -   10'  mA. 

At  the  low  pressure  standing  striations  oc- 
cur in  the  positive  column.   Their  shape  in- 
dicates  that  the  radial  électron  density 
profile  follows  a  Bessel  function  and  that 
there  are  no     négative  ions.  V7ith  increa- 
sing  pressure  moving  striations  occur  and 
their  shape  is  quite  différent,  presenting 
an  inflection  point.  This  shape  indicates 
a  radial  gaussian  gradient  of  the  électron 
density  and  a  considérable  concentration 
of  négative  ions.  The  deposited  silicon  at 
the  anode  and  in  their  vicinity  confirms 
this  assumption.  The  discharge  has  cuite 
similar  properties  as  in  organic  vapours 
and  gases  /5/.  The  reduced  electric  field 
E/p  is  relatively  low   (less  than  1  V/cmtor) 
and  decreases  with  the  increasing  pressu- 
re and  with  increasing  discharge  current. 
The  detailed  investigation  of  the  électron 
density,   électron  energy  and  energy  distri- 
bution as  well  as  of  the  négative  ions  will 
be  presented  in  other  paper. 
What  about  T^  we  suppose  that  thQ  gas  is 
heated  by  ellastic  collisions  of  molécules, 
atoms  and  radicals  with  the  électrons.  The 
influence  of  the  exothermic  or  endothermic 
reactions  is  neglected.  Because  of  the  lov 
electric  field  the  gas  température  is  lo\ 


It  dépends  on  the  pressure  and  on  the  dis- 
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Fig.   2.    :  T^  in  dependence  on  the  current. 
OtHer  inteesting  phenomenon  in  the  silane 
discharge  is  the  déposition  of  silicon. 
Vie  observed  that  under  certain  conditions 
the  déposition  was  in  form  of  thin  film 
while  under  other  conditions  in  form  of 
nowder.  This  property  nécessitâtes  more 
detailed  investigation. 

As  seen  from  this  small  paper  the  electric 
discharge  in  silane  shows  interesting  pro- 
perties which  will  influence  undoubtly  the 
qualities  of  the  deposited  silicon  films. 
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1.  Introduction 

Génération  of  enerf^etic  électron 
beBius  in  high  voltage  (1-100  kV)  end  r.ve- 
rege  pressure  (10~'  -10~"'"torr)glow  dischr^r- 
ges  présents  a  n;reat  ijiportance  in  non- 
conventionsl  technologies  used  in  many 
industri^,'l  t'pplicntion3///-/«?/.This  paper 
deals  with  some  chf'r^icteristics  of  high 
voltage  glow  discharges  for  certain  pora- 
ineters  spécifie  to  plos.na  électron  GourcDS. 

2,  Experiaents 

The  électrodes  System  is  shov/n  in 
Fig.l  and  Fig.2. 
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Thermal  effects  at  the  anode. 


0 

Fig.l  Fig.2 
2,1    V-I  Chnracteristics 

Fig.  3  and  4  represents  V-I  cha  - 
racteristics  in  argon. 

For  discharges  v/ithout  central  a- 
node,it  is  noticed  e  severe  decrease  in 
the  burning  voltage  and  a  strong  increase 
in  the  discharge  current.  This  discharge 
characteristic ,well-knov/n  in  the  case  of 
of  torr-order  pressures,  is  explained  by 
the  mechanism  of  the  hollow  cathode  effect 
/J/-/4/.When  the  anode  is  placed  in  the 
négative  glow  plasma,  the  dis charge  re  - 
tains  the  characteristics  of  the  conven- 
tional  glow  discharge. 


The  thermal  effects  exhibited  by 
the  cathodic  électrons  beam  in  a  high  vol- 
tage discharge,  providing  the  basis  for  a 
large  numbër  of  practical  applications  of 
plasma  électron  sources,  dépend  on  dis- 
charge parameters. 

In  order  to  obtain  information 
concerning  the  anode  heating(the  System  in 
Fig.2)under  various  opération  conditions, 
several  température  déterminations  of  the 
anode  have  been  performed  after  the  same 
interval  (30sec)  from  the  discharge  igni- 
tion. 

Table  1. 


p 

(torr) 

"d 
(V) 

^d 
(A) 

^d 
(W) 

t- 

10"-^ 

2100 

0.500 

1050 

1134 

8.10'"^ 

2580 

0.400 

1032 

1446 

6.10"^ 

5230 

0.320 

1034 

1897 
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The  data  in  Table  l(where  îJ^,I^,r^  rnd  T 
rapresent  volt5.2:e,curr3nt,dischc,rr^e  pover 
and  cnode  température jrer pectively ) indica- 
te  thet  the  tinoae  heating  varies  subotan- 
tially  ,althou:7;h  the  dischar^-e  pov;er  is 
practicallj^  co  .ptant .  Thin  is  expT^.in  by 
the  fact  thet  ;  rimary  ener,?-Gtic  électrons 
repres-nt  only  a  part  ont  of  the  total 
diGch.Ji-  ,e  currentjdependin,:;  on  the  di,-- 
c^:;rye  par;::  oters.The  électron  beam  increa- 
ses  \;ith  the  secondary  eriission  coeffi- 
ci3nt  C'y-)  of  the  cathode  ,v;hich  in  its  turn 
is  an  increasin^  function  of  the  incicJant 
ion  ener-y.Por  ovv  experi.  entai  conditicns, 
enar^^y  losses  of  the  prir  ary  électrons  due 
to  .'.nelastic  collipions  nay  be  ne_^'lected. 
This  coulO  be  aeen  in  "'r.Me  ?  \/hicn  provi- 
des the  follov;in^^  drtn:A— -o-n  free  ioni- 
zing  psth  ;n-nii  iber  of  icai'-.inc  collisions 
in  tlie  cathoce-anode  space  ;AI^-.-îner;;y  los- 
ses by  inelactic  (  olli;:ir,nR  ;a  ;/ '.-relotive 
ener ',y  loss  cs  uced  by   inel-ctic  collisions. 
'  Trble  : 


p 

n 

(torr ) 

(eV 

(cl;) 

(eV)  (;,) 

2100 

".7 

81  4 

8.10"" 

2580 

2 

3230 

14.67 

1.2 

36  1 

4.10"^ 

4480 

28.17 

0.6 

18  1 

3.  Ther;ual 

balance  of 

the  L 

node  Lteatin^^ 

Thermal  balance  of  the 
ting  is: 


ec  ec        L  t  ^  ' 

v/here  U^^-cathodic  fall,  Ig^-primary  élec- 
trons current,Pj^-anode  power  lost  by  radi- 
ation, conduction,  etc ,  J-conversion  con- 
stant ,m-anode  mass,c-specific  anode  heat, 


AT-  difr-rencD  betv;een  finnl  and  initial 
te  nr>r-tiire   ( x^-t^ ) , t-tirne  neccsary  xo 
reach  T^. 

For  our  experi  .^.ental  conditions,  may  be 
v/ritten  as   :  ^ 

where  T  -  &node  température  (în  °K),£(T) 
anode  emissivity,  (T-Stéphan's  constant • 
thermal  conductibility  of  the  anode  -  sup- 
port v/ire,  ^  -  température  ::radient  along. 
direction  of  the  wire,3^  -  anode  area  and 

-  support  vdre  cross-sec oion  area. 
The  power  P^^  is  a  compiicaxed  lunction  of 
température  (wiàcn  uep^nus  on  txme)  and 
therefore,the  calculation  from  (1)  of  the 
time  t  necessary  for  the  anode  to  reach  a 
certain  te.uperature  is  a  problem  which 
could  be  solved  only  numerically .  If  the 
température  is  not  too  high  and  the  ba  - 
lance  is  far  from  being  reached,  the  time 
t  could  be  calculated  approximatelly ,by 
superestinating  the  power  losses  and  consi^ 
derating  them  corresponding  to  the  final 
teinperature.For  example,  let  us  assume  the 
heating  (from  20°C  to  1300°C)of  a  tantalum 
disk  anode  (diameter=4cm,Width=0.3cm)  sus- 
pended  by  a  wolfram  wire  (diam.=0.1cm)  in 
a  high  voltage  discharge(5kV,0.5A) .Assu  - 
mingf«=0.35  and  ^1000°C/cm,  we  obtain 
t=27  sec. 
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ON  THE  FORMATION  OF  PLASMA  CARBON  COMPONENT  IN  THE  HOLLOW 
CATHODE  ANOMALOUS  GLOW  DISCHARGE 


S.  Ibadov 

Astrophysical  Institute  of  the  Academy  of  Sciences  of  Taszhikistan,  U.S.S.R. 


Plasma,  containing  a  component  of  atoms  and 
molécules  of  carbon,  occured  in  a  séries  of 
important  cases,  for  example  it  may  appear 
in  the  laboratory  high-temperature  plasma, 
contacting  with  graphite  /!/.  At  this  point 
the  situations  with  simultaneously  bombard- 
ment  of  a  surface  by  différent  ions  in  the 
range  100  eV  remains  poorly  studied  /2/ , 
Cometary  molécules        and  C3  détermine  the 
Visual  diameter  of  cometary  heads  /3/  and 


450  -  500  eV   (He'*')   and  600  -  650  eV  (ions 
from  plasma  of  discharge  in  propan) ,   the  pres- 
sure of  filling  gase  p^/vlmm  Hg   (He)  and 
p  ^0.1  mm  Hg   (C^Hg)   are  presented  . 

The  discharge  system  used  was  a  modifi- 
cation of  the  discharge  part  of  a  plasma  ion 
source  /9/  .  It  consisted  of  an  almost  closed 
cylindrical  hollov^  cathode  (the  radius  R  =  12  mm) 
and  the  length  L=10  mm)  with  plane  ends  and 
pivotai  anode  (a  tungsten  wire  with  the 
diameter  d  =1.5  mm)    introduced  directly  into 


may  create  the  cometary  atmosphères  dust 
component  directly  in  the  environment  of  the  the  cathode  cavity  along  its  axis   (  on  the 
cometary  nucleus  by  condensation  /4/.  length  1^=7-8  mm).  The  whole  system  was  in 

Laboratory  investigation  of  the  formation  serted  into  homogeneous  magnetic  field  of 
of  solid  phase  in  the  heads  of  comets  at  the  a  coaxial  coil 


cost  of  action  of  condensation  mechanism 
required  the  création  in  a  plasma  médium  an 
over-saturated  carbon  vapor  phase  with  the 
concentration  n^^lO^^  molecula/cm  . 

The  use  of  the  hollow  cathode  glow 
discharge  /5-10/  is  of  interest  for  the 
studying  of  possibilities  of  over-saturated 
carbon  vapor  génération  and  also  for  the 
studying  of  graphite  behaviour  in  the  flow 
of  différent  ions  with  énergies  ^  100  eV  . 
Ail  base  possibilities  of  formation  of  car- 
bon component  in  plasma   (evaporation  and 
sputtering  of  cathode  by  ion  bombardment ; 
dissociation  of  organic  molécules  in  plasma 
of  discharge)   are  laid  in  such  a  discharge 
with  a  graphite  cathode  . 

In  the  présent  work  the  results  of 
investigations  on  determinating  of  carbon 
component  concentration  in  the  plasma  of 
anomalous  glow  discharge  in  the  graphite 
hollow  cathode  in  hélium  and  in  propan 
(  C^Hg  )   at  the  discharge  currents 
I     =  50  -  500  mA   (the  densities  of  ion  ir- 


The  détermination  of  the  carbon  vapor 
concentration  in  a  plasma  was  carried  out  by 
measuring  of  the  graphite  layer  mass  AH, 
condensed  on  the  anode  pivot  during  certain 
irradiation  time  t„  : 


4  ûM/o(m 


(1) 


Here  o<  is  the  accomodation  coefficient  of 
carbon  atoms  on  the  anode  surface;  m^  is  the 
mass  of  a  carbon  atom;         is  the  anode  area 
corresponding  to  the  condensate  mass  ^M; 
T^  and  =      \|  8kT^/7tm^'    are  the  tempe- 

rature  anS  the  mean  thermal  velocity  of  car- 
bon atoms  in  the  plasma  . 

The  relation   (1)   was  applied  under  the 
conditions  j<l  A/cm^ ,  p^R/vO.!  -  1  mm  Hg.  cm 
when  the  motion  of  atoms  in  a  plasma  has  the 
diffusion  character  and  the  heavy  component 
of  a  plasma  may  be  supposed  isotermic  : 

T  =T  =T  /11/.  Here  R  is  the  linear  dimension 
c    g    w  ' 

of  the  cathode  cavity;  T^  is  the  température 
of  the  filling  gase;   T^  is  the  température 
of  the  cathode  discharge  chamber  wall  which 


radiation  of  graphite  r^lO^^  -  10' '  ion/cm^s)  was  measured  with  a  thermocouple  and  also 
the  énergies  of  ions  irradiating  graphite        pirometrically  .  The  anode  température  T^ 
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was  also  measured  pirometrically  . 

In  hélium  discharge  the  measured  densi- 
ty  of  the  condensation  flow  of  carbon  atoms 
on  the  anode  was  J^=  4 M/S^t^a* 5 ( 10~®-10~^) 
g/cm^s   ;   for  the  discharge  in  propan  was 
approximatelly  three  times  as  large   .  The 
température  of  the  cathode  wall   (of  the 
graphite  target)   was  in  the  range 
T^=  500  -  1400  K  at  discharge  power 
I^V^  =  20  -   300  W  . 

In  Fig.  1  the  results  of  the  calcula- 
tions  carried  out  by  (1)  for  one  of  régimes 
of  the  discharge  are  given  . 


0  m        200        300        400       500  1^  ,  mA 

Fig.   1.-  The  concentration  of  carbon  atoms 
in  the  plasma  versus  discharge  current  . 
1-discharge  in  hélium  at  pressure  in  the 
cathode  cavity  p^gA^l  mm  Hg,  discharge  vol- 
tage Vaft*500  V;   2-discharge  in  propan  : 
PC3H8»  "™  "5'   Vaft4>650  V;   Bo=50  -  400  Gs , 

VaaîConst;  Ta  max««  1500  K,o(ç^l  . 

As  far  as  the  température  2600  K  is 

required  for  the  génération  of  carbon  vapors 

with  the  concentration  n       lO''^^cm  ^,   i.  e. 

-4 

with  the  partial  pressure  p^-^  10      mm  Hg  by 
heating  of  a  graphite  /12/,   the  carbon  vapor 
in  the  plasma  is  in  the  state  of  strong 
over-saturation  and  has  a  non-evaporation 
origin  . 

The  discharge  in  propan  with  the  hollow 
cathode  in  which  the  surface  of  a  graphite 
is  protected  against  ion  irradiation  by  the 
tantalum  envelope  gives  very  small  flow  of 
carbon  atoms         .  At  the  same  time  the  ob- 
served  rise  of  the  inner  diameter  of  the 
cylindrical  cathode  surface  indicates  an 
intensive  cathode  sputtering  process  . 

In  the  conditions  of  the  dominating 
rôle  of  an  ion  sputtering  the  relation  for 
the  stationary  concentration  of  carbon  atoms 
in  the  considered  plasma  in  the  first  appro- 
ximation may  be  presented  in  the  following 


form  : 

n^  =  4sl^  /(l+^)e  V^^  (2) 

Here  s  =  s(V^,         etc.)    is  the  coefficient 
of  cathode  sputtering  atom/ion  ;   e  is  the 
charge  of  ion  with  the  mass  M  irradiating 
graphite;   S^^^  is  the  area  of  the  plasma  boun- 
dary  at  the  cathode  which  owing  to  small 
thickness  of  near-cathode  ion  layer  practi- 
cally  equals  to  the  area  of  the  cathode  S; 

^=  ^(1-^,         )    is  the  generalized  coeffi- 
cient of  the  secondary  électron  émission 
from  cathode  which  may  be  determined  expe- 
rimentally  /lO/  . 

The  relation   (2)    satisf actorily  descri- 
bes  the  curves  of  Fig.   1.  For  example  in  the 
case  of  the  hélium  discharge  at  real  values  s^O  . 
(for  E^g«^  500  eV  -  data  of  /!/  are  extrapo- 
lated)  ,   I^=  200  mA,  ^^2,   S  =  16  cm^ , 

r^^l.l  X  10^  cm/s  we  get  by  (2) 
^c  II  _3 

n^^ 2  X  10       cm     .In  the  case  of  the  propan 

discharge  an  accordance  between  n^  from  Fig.: 

with  that  calculated  by   (2)   takes  place  at 

s  =  0.5  -  0.6  atom/ion  . 

The  author  is  indebted  to  E.M.  Dubinina 

and  O.V.  Dobrovolsky  for  helpful  discussions 
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A  GENERAL  CHARACTERISTIC  EQUATION  FOR  A  DIFFUSION-CONTROLLED  POSITIVE  COLUMN 
OF  CIRCULAR  CROSS  SECTION  WITH  ONE-STEP  AND  TWO-STEP  lONIZATION  PROCESSES 

L.  Gerald  Rogoff, 

Westinghouse  Research  and  Development  Center,  Pittsburgh,  Pennsylvania  15235  U.S. A. 

form  n^=n^g(x/T,y/T),  where  the  density        is  a 
constant  representing  the  amplitude  of  the  distri- 


A  simple  yet  gênerai  équation  characterlzes 
the  electrical  properties  of  a  steady-state, 
longltudlnally-uniform  positive  column  in  which  the 
électron  density  n    is  given  by  the  continuity 
équation 


DV  t 


+  kn      =  0 


(1) 


with  the  coefficients  D,  v,  and  k  independent  of 
position  and  with  n  =0  as  the  boundary  condition. 
The  gênerai  expression  is  derived  elsewhere"""  for 
columns  of  arbitrary  cross-sectional  shape  (includ- 
ing  internai  surfaces  not  connected  with  the  outer 
enclosure)  with  the  rates  linear  and  quadratic  in 
n    representing  various  possible  électron  produc- 
tion and  loss  processes  (i.e.,  v  and  k  positive  or 
négative;  we  assume  D>0) .     That  expression  is 


dA  +    -        =  S  . 


(2) 


where  A  is  the  cross-sectional  area  of  the  dis- 
charge space,        is  the  total  number  of  électrons 
per  unit  length  of  the  column,  and  S  is  a  dimen- 
sionless  number  characteristic  of  the  shape  of  the 
coluran  cross  section. 

The  quantity  S  is  given  by 


where  g  is  a  normalized  électron  density  distribu- 
tion, V^^  is  a'normalized  Laplacian,  and  da  is  a 
normalized  élément  of  cross-sectional  area.  That 
is,  the  solution  of  Eq.   (1)  is  expressed  in  the 


bution  and  the  dimensionless  function  g  describes 
the  spatial  variation  in  terms  of  distances  normal- 
ized to  a  scale  length  T  transverse  to  the  axis, 
i.e.,  T  is  an  arbitrary  référence  distance  which 
allows  for  a  linear  scallng  of  the  size  of  the 
cross  section.     (Rectangular  coordinates  are  used 
arbitrarily  for  clarity.)     The  operator 
contains  derivatives  with  respect  to  the  normalized 
distances,  and  the  normalized  area  a  is  related  to 
2 

the  actual  area  A  by  aT  =A. 

For  a  discharge  column  described  by  Eq.  (1), 
Eq.   (2)  is  a  gênerai  expression  relating  the  coef- 
ficients, the  number  of  électrons  per  unit  length, 
the  cross-sectional  area,  and  the  shape  of  the 
cross  section,  which  is  involved  in  the  intégral 
expression  for  S,  Eq.   (3).     Since  the  coefficients 
are  functions  of  the  applied  electric  field,  since 
N    is  proportional  to  the  total  électron  current, 
and  since  the  électron  current  is  usually  approxi- 
mately  equal  to  the  total  discharge  current, 
Eq.   (2)  represents  the  voltage-current  characteris- 
tic of  the  column. 

The  intégral  in  Eq.   (3)  is  totally  normalized. 
Thus,  if  the  form  of  g  is  fixed,  then  this  intégral 
is  independent  of  the  size  of  the  cross  section, 
i.e.,  independent  of  T  and  A.     It  is  shown  else- 
where"*"  that  for  any  given  combination  of  signs  of 
V  and  k,  the  form  of  g  is  fixed  if  the  ratio  kn^/v 
and  the  cross-sectional  shape  are  fixed.     Thus,  for 
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a  glven  value  of  kn  /v  with  the  slgns  of  v  and  k 
specified,  S  is  a  dimensionless  number  characteris- 
tic  of  the  shape  of  the  column  cross  section.  Once 
S  is  evaluated  for  given  discharge  conditions, 
Eq.   (2)  represents  a  generalized  characteristic  for 
other  discharge  conditions  corresponding  to  the 
same  value  of  kn  /v  and  same  cross-sectional  shape. 
Note  that  the  intégral  in  Eq.   (3)  is  written  in 
terms  of  normalized  quantities  to  emphasize  its 
independence  of  cross-sectional  area.     S  can  also 
be  written  in  terms  of  non-nonnalized  quantities  as 


électron  impact,  by  two-step  électron  impact,  by 
excited  state-ground  state  collisions,  and  by 
excited  state-excited  state  collisions,  as  well  as 
électron  loss  by  attachment.  Likewise,  the  effec- 
tive rate  coefficient  k  may  include  effects  of  ion- 
ization  by  two-step  électron  impact  and  by  excited 
state-excited  state  collisions,  as  well  as  électron 
loss  by  electron-ion  volume  recombination. 

The  relationships  presented  here  are  quite 
gênerai,  and  they  may  apply  to  a  variety  of  types 
of  discharges.     However,  they  are  particularly  ap- 
plicable to  low-pressure  nonequilibrium  discharges. 


Curve  714902-A 


We  consider  here  the  spécial  case  of  a 
circular  cross  section  with  both  v  and  k^^O.  (This 
corresponds,'''  for  example,  to  électron  production 
by  one-step  and/or  two-step  électron- impact  ioniza- 
tion.)     For  this  case  we  have  evaluated  numerically 
the  quantity  S,  and  we  have  obtained  a  relationship 
between  S  and  kn^/v  for  ail  possible  values  of 
kn  /v.     The  results  are  given  in  Fig.  1,  where  for 
convenience  the  absclssa  is  kn^/(v+kn^)  = 
(kn^/v)/[l+(kn^/v)].     Thus,  the  left-most  value 
corresponds  to  a  linear  production  rate  only  (k=0) 
in  Eq.    (1)  and  the  right-most  value  corresponds  to 
a  quadratic  rate  only  (v=0) ,  with  ail  possible 
combinations  of  the  two  in  between.     Note  that  the 
left-most  value  can  be  obtained  analytically'''  to  be 

9  1 
S=Tr(2.A05)   .     In  this  case  Eq.    (2)  reduces     to  the 

2  2 
relationship  v/D=(2. A05/R)     obtained  by  Schottky 

specifically  for  a  circular  cross  section  of  radius 

R  with  one-step  électron- impact  ionizatlon. 

The  terms  in  Eq.   (1)  may  describe  various 

processes.    For  example,  the  effective  diffusion 

coefficient  D  may  represent  free  or  ambipolar 

diffusion.     Similarly,  the  effective  frequency  v 

may  include  the  effects  of  ionization  by  one-step 
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3.  For  the  ionization  processes  involving  excited 
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course,  vary  appropriately  with  n^. 
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EXPERIMENTAL  STUDY  ON  PLASMA  NONEQUILIBRIUM  OF  HIGH  PRESSURE  METAL-HALIDE  DISCHARGE. 


V.G.  Vdowin  ,  A.D.  Hahaev. 

^ll-Union  Institute  of  Light  Sources,  Saransk, 
State  University,  Petrozavodsk,  U.S.S.R. 

In  reports/1 ,2/  attempts  are  made 
to  calculate  plasma  characteristics  and 
to  explain  physical-chemical  processes 
in  hp  mercury  discharge  with  mh  additi- 
ves  on  the  basis  of  LTE  model.  However 
while  investigation  there  were  noticed 
appréciable  disagreements  with  expérimen- 
tal data.  This  report  présents  atomic 
plasma  characteristics  of  ac  metal-halide 
discharge  with  TlI,InI  and  Nal  additives 
defined  a  priori  on  methods  not  based  on 
LTE  concept,  Also  it  represents  a  con- 
clusion on  nonequilibrium  state  in  prac- 
tically  significant  conditions. 

1 .  Heavy  Partie le  Température  T^. 
Starting  from  theoretical  évaluation 
of  contribution  of  différent  filling 
components  to  plasma  polarizability 
authors  showed  buffer  gas  Hg  generally 
defined  it  under  discharge  conditions/5/. 
Hence  on  the  basis  of  holographie  inter- 
ferometry  there  was  designed  a  method  of 
obtaining  the  discharge  interferogram/4/ 
and  calculating  the  radial  distribution 
of  mercury  density  N(r)/5/.  V;ith  given 
wall  température  this  enabled  to  find 
T  (r).  The  method  takes  into  account  the 
contribution  of  axial  particle  displace- 
ment into  the  observed  band  shift  S(x). 
The  method  activity  was  checked  by  com- 
parison  values  N  and  T^  estimated  by  me- 
ans  of  holography  and    radiation  and  ré- 
sonance triplet  broadening  Hg  577/79  nm 
in  piirely  mercury  discharge  for  which 
LTE  state  has  been  proved.  Figure  1  sho- 
wes  T    measitred  in  mh  discharge  as  com- 
pared  with  "apparent"  température  "T" 
tràditionally  determlned  by  radiation 
Hg  577/79  nm. 


2.  Population  of  Excitation 
Levels  nj^. 
By  using  the  method  of  absolute  radia- 
tion measurements,  reabsorption  of  spec- 
trals  lines/6/  and  new  Abel's  inversion 
methods  the  distribution  Hj^Cr)  of  raw  of 
atomic  levels  Tl,In,Na  and  Hg  in  mh  dis- 
charge was  determined  in  current  maxim- 
um/1/ and  minimum  /2/  phase/7/.  Measure- 
ments nj^  have  been  carried  out  in  the  in- 
terval  of  dosage  Tll  of  interest  and  fo- 
und  no  appréciable  changes  of  Ig  ^-^iS-^)  > 

Fig.2  represents  Ig  nj^  as  a  function 
of  level  energy   Sj^  in  phase  (I)  on  the 
axis  of  discharge. 

5. Normal  Atom  Concentration  n^. 
Considering  the  optical  thickness  in 
the  center  of  additive  résonance  lines^ 
1  and  N~const  along  the  tube  section 
there  was  a  method  of  détermination  ^qC^) 
by  full  absorption  of  extraxieous  radiati- 
on in  résonance  line  limits  for  the  case 
of  asymmetrical  contour  shape  in  the  op- 
tically  thin  layer  P(v)/8/.  While  esti- 
mation P(v)  we  used  approximation  in  ac- 
cordance  with  /9/.  Expérimental  data  n^ 
(r=0)  for  Tl,In  and  Na  are  showed  in  fig^ 
4.  Electron  Concentration  n^. 
Taking  into  account  apparatus  and  Van 
der  Waals  broadening  in  the  contour  width 
of  a  number  of  lines  Na  and  Tl,  restored 
after  Abel's  inversion,  Stark  broadening 
influenced  by  électrons        were  determi- 
ned and  Dg^^^         estimated  in  accordan- 
ce  with/10/,  The  method  of  simple  correc- 
tion for  measured  line  shift      (x)  to 
(r)  by  means  of  correction  factor 
=.^[I^iX)J      had  been  developed  in/11/. 
Values  nQ(p)  determined  by  S  and   A  in 
dise 
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discharge  conditions  are  in  good  agree- 
ment  and  represented  in  fig.5. 

5.  Electron  Température  T^. 
Having  discovered  significant  nonequi- 
libration  in  level  population  the  theo- 
ry  of  nonequilibrium  atomic  plasma  was 
needed  for       évaluation  /12/, 

Particularly  using  expérimental  valu- 
es n^,        and  n"^  for  tallium  on  mh  dis- 
charge axis  there  was  estimated  o^i  6  ) 
for  various       values  in  discrète-dif- 
fuse approximation  of  the  theory.  Re- 
sults  showed  that  if       in  discharge  is 
equal  to  (5-8)x10%  the  estimated  depen- 
dence  Ig  n^^C  £  )  most  of  ail  describes 
the  expérimental  run  Ig  nj^(  S-^)-  Pro- 
bably       forecast  may  be  specified  when 
evaluated  the  contribution  of  ion-mole- 
cular  reactions  to  high  excitated  le- 
vel population. 
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E-I  CHARACTERISTICS  OF  AN  OPTICALLY  PUMPED  MERCURY  POSITIVE  COLUMN 
H.T,  Saelee,  M.J.  Cooke  and  J.E.  Allen. 

Department  of  Engineering  Science,  University  of  Oxford,  Parks  Road,  Osford,  U.K. 


INTRODUCTION 

Optically  pumped  di s charges (OPD)  have  been  widely 
used  in  gas  lasers  for  population  inversion.  The 
présent  interest  in  OPD  is  in  the  context  of  iso- 
tope séparation  where  a  catachoretic  method  has 
been  proposed  to  collect  the  selectively  excited 
atoms''.  However,  the  kinetics  of  an  OPD  has  to  be 
well  known  in  order  to  operate  the  cataphoresis  at 
an  optimal  condition. 
EXPERIMMT 

The  expérimental  apparatus  has  been  described  pre- 
viously^.  It  is  essentially  two  coaxial  Hg  dis- 
charges with  the  outer  source  discharge(l^^ ) 
irradiating  the  inner  cell  discharge(l^g-|_-^) .  The 
inner  cell  is  made  of  quartz  glass  allowing  the 
main  radiation(6-^P^— 6''Sq)  to  be  transmitted  into 
the  inner  discharge.  The  excited  state  popvilations 
have  been  measiored  by  a  résonant  absorption  method^ 
and  the  axial  electric  field  in  the  positive  column 
by  two  variable  probes. 

RESULTS 

The  E-I  characteristics  of  the  positive  column  at  a 

reduced  pressure  of  26.3  mtorr  are  shown  in  Fig.  1 

for  various  irradiation  levels( 1^^=0,5, 10  and  20A) . 

The  axial  electric  fields  were  measured  over  a 

range  of  20.0  cm  and  found  to  be  very  \uiiform.-  For 

I  =  0  we  have  the  normal  E-I  characteristic  of  a 
se 

column  where  the  axial  field  falls  with  increasmg 

currentd^^^^) .  When  the  column  is  irradiated  the 

E-I  characteristic  changes  completely  and  for 

I    =  20A  the  axial  field  increa&es  monotonically 
se 

with  I         .but  at  a  lower  absolute  value.  The 
cell  ' 

irradiation  haS     less  effect  on  the  column  at  high 
currentd^^^^  200  mA) .  With  Ig^=20A  and  at  low 
current(l^^^j<50  mA)    the  axial  field     is  re- 
duced to  a  negligible  value. 

Fig".  2  shows  the  corresponding  nimiber  density  of 
the  triplet  states  for  the  same  vapour  pressure  as 
the  results  presented  in  Fig.  1.  Two  irradiation 


levels  are  shown(l    =  0  and  10A).  The  densities  of 

_  ^  se 

the  6  Pq  and  6  P^  metastable  states  do  not  change 
much  with  or  without  irradiation.  However,  the 
density  of  the  6"^P^  state  increases  by  more  than 
an  order  at  low  '^^^-^l  """^^^  ^'^^'^  twice  at  high 

I    ^  (>100mA). 
cell  ^ 

Fig.  3  shows  the  variations  of  the  axial  field  with 
vapour  pressure  (reduced  to  0°C)  for  two  irradiation 
levels  on  two  discharge  currents  (1^,^-^-!^=  10  and  100 
mA).  The  effect  of  the  irradiation  is  greater  as 
the  pressure  increases. 
DISCUSSION 

In  a  normal  positive  coliimn,  the  charged.  particles 
gain  energy  from  the  axial  electric  field  and  dis- 
sipate  it  through  inelastic  collisions.  The  axial 
field  also  maintains  the  current  continuity  of  the 
column.  The  loss  of  charged  particles  by  recombinat- 
ion,  both  at  the  wall  and  the  plasma  volime  is 
balanced  by  ionization  processes  in  the  plasma  vol- 
ume. The  main  ionization  processes  are 


HgCô^Sg) 

e    Hg"^ 

+  2e 

(1) 

Hg(6\) 

e    Hg"^ 

+  2e 

(2) 

Hg(63p^) 

e    Hg"" 

+  2e 

(3) 

Hg(6\) 

e    Hg"" 

+  2e 

W 

Hg(6%) 

Hg(63p^)  - 

—  Hg^  .  e. 

(5) 

Other  ionization  processes  are  électron  impact  of 

h 

the  higher  excited  states  .  The  relative  importance 
of  électron  impact  ionization  (l  to  U)  and  associa- 
tive ionization  (5)  varies  with  the  discharge 
current  and  the  vapour  pressure. 
In  the  optically  pumped  column  processes  (3)  and 
(5)  become    more  important  due  to  the  increase  in 
the  density  of  the  state.  To  maintain  the 

charged  particle  balance,  the  axial  field  lowers 
(corresponding  to  a  lower  électron  température)  and 
ionization  by  électron  impact^ especially  the  ion- 
ization from  the  ground  state  becomes  less  important. 
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In  a  normal  column  the  axial  field  increases  with 
the  pressure  in  order  to  maintain  a  certain  fixed 
E/P  (electric  f ield/pressure)  ratio  such  that  the 
électron  temperatiire  remains  constant.  However, 
this  does  not  apply  when  assocaitive  ionization 
becomes  dominant  which  is  the  case  in  the  optically 
pumped  column. 

A  quantitative  explanation  can       ohtained  by  an  ion 
fluid  model  calculation  since  we  are  in  the  tran- 
sition régime  of  ambipolar diffusion  and  free  fall; 
this  vas  used  by  Johnson  et  al  .  We  are  at  présent 
extending  the  model  to  explain  the  E-I  charactistics . 
This  would  require  solving  the  Boltzmann  équation 
for  the  électron  energy  distribution  in  order  to 
calculate  the  électron  drift  velocity  and  the  rate 
of  électron  impact  ionization. 
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Figure  1.    E-I  Characteristics  of  the  positive 
coliann. 


Figure  2.    Excited  state  nimber  densities. 
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Figure  3.    Axial  electric  field  variation  with 

pressure,  '^^^■^j.'^  10mA  (•,<>), 

I    ,  =  100mA  («.O). 
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REMARKS  ON  THE  BREAKDOWN  Gf  AN  ELECTRIC  GAS  DISCHARGE 


D.  Grosu  and  C.S.  Grosu. 

Faculty  of  Physios,  Jassy,  Romania. 

While  performing  our  expérimental  stu- 
dy  on  the  influence  of  the  nature  of  the 
tube  wall  upon  the  breakdown  of  an  elec- 
trio  dlaoharge  [l]  we  notioed,  in  some 
oasea»  the  présence  of  two  minima  instead 
of  one  on  the  Paschen  ourve,  The  Paschen 
curves  were  obtained  in  the  nitrogen,pre- 
pared  by  heating  HjNa.in  a  diecharge  tube 
like  the  one  in  Pig.la  which  we  oalled  a 
double  wall  tube  (DWT)  or  a  double  tube 
(DT),  The  (PWT)  curves  are  represented  in 
Pig.2:  by  dots,  as  fonction  of  pressure, 
the  values  of  the  breakdown  potentials. 


ter  tube  -  Pig.lb  and  raised  again  the 
Paschen  curve.  We  also  represented  in 
Pig,2  the  values  of  the  breakdown  and  ex- 
tenction  potentials  in  a  single  tube  (S.T) 
The  only  minimum  of  this  curve  occurs  at 
the  same  pressure  where  the  point ed  mini- 
wm  in  the  (DWT)  case  occurs.  We  obtained 
similar  résulta  by  replaoing  the  électrode 
with       -  24  mm  by  a  16  mm  one  and  the 
glass  tube  of       -  26  mm  by  an  18  mm  one. 
In  both  cases,  as  in  ail  of  our  experimen- 
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Pig.l  Pig.2 
and  by  ciroles,  the  values  of 

the  extenction  potentials.  We  notice  the 
présence  of  tiro  minima.  The  louer  pressu- 
re minimum  is  very  pointed  and  the  shift 
fxom  this  minimum  to  the  maximum  is  aohi- 
•red  by  a  lonering  of  the  pressure  «ith 
0.02    Torr  at  the  most.  The  tuo  curves 
jolA  together  in  the  large  minimum  or  at 
louer  pressure,  «hen  the  disoharge  is 
intermitent.  We  put  aside  the  diame- 
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ts,  the  électrodes  were  of  Al  with  a  dis- 
teuioe  of  12  cm  between  them. 

We  took  for  granted  that  the  «ails  of 
the  two  tubes  influence  the  breakdown  by 
polarlzing  the  dieleot^io  in  the  eleotrio 
field  between  the  électrodes.  Two  séries 
of  experiments  were  performed  to  prove  o- 
ur  hypothesis. 

In  the  first  sariea,  we  introduced  dl- 
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eleortlo  liquida  wlth  a  relative  prrmiti- 
vity  higher  thon,  with  glass  (Pyrex,  = 
3,6),  between  the  two  walls  of  the  tube 
in  Pig.3. 

In  the  abaenoe  of  the  liquid,  with  air 
between  the  «ails,  «e  obtaineâ  the  curres 
in  Pig.3.  With  water  and  acétone 


020  040  060  080    100   1  20   KO  160 
Pig.4 

with 

(CH^.CO.CH^)  we  got  résulta  aiailirVThose 
of  ni tro -méthane  (NOg.CH^)  which  we  re- 
presented  in  Pig.4.  By  comparing  thèse 
curves  with  ones  in  Pig.3  one  notices  an 
influence  of  the  dieleotric  liquid  upon 
the  values  of  the  breakdown  potentials, 
whioh  it  rises  obviously  within  the  pres- 
sure range  (0.20  -  0,50)  Torr.  Then  the 
minimum  for  higher  pressures  becomes  more 
pointed  and  the  breakdown  is  more  diffi- 
oult.  The  lower  pressures  minimum  is  not 
influenced.  A  spécial  case  is  repreaented 
by  nitro-benzene  (CgH^.NOg)  in  the  pré- 
sence of  whioh  the  large  minimum  no  lon- 
ger occurs,  A  great  number  of  détermina- 
tions was  made  for  each  liquid,  but  the 
results  remained  the  same* 

We  obtained  similar  results  by  repla- 
cing  Kltb  H*  4  In  the  Ne  case  the  bre- 
akdown is  easier  and  the  minima  are  lar- 


ger.  The  passage  from  the  maximum  to  the 
more  pointed  minimum  is  a}so  achieved  for 
a  decrease  of  the  pressure  by  0,02  Torr 
at  the  most;  in  the  Ne  case  there  is  also 
only  one  minimum  in  the  présence  of  nitro- 
benzene. 

We  used  a  simple  tube  (ST),  like  the 
ones  in  Pig.lb  for  the  second  séries  of 
experiments.  With  a  tube  of  the  same  di- 
mensions as  those  of  the  one  in  the  mid- 
dle  of    Pig.3  we  got  results  similar  to 
those  in  Pig.3.  With  a  tube  of  the  same 
dimensions  as  those  of  the  inner  one  in 
Pig.3»  but       «  34  mm,  we  obtained  the 
Paschen  curve  with  only  one  minimum.  Pln- 
naly,  for  an  intermediate  tube,  D^^  =  26 
mm  and       =  24  mm  we  obtained  à  two  mini- 
ma curve,  bat  the  potentlal  différence 
between  the  maximum  and  the  minimum  bre- 
akdown potentials  was  only  (20  -  30)  V. 

We  raised  the  Paschen  curves  as  well 
as  those  of  the  extenction  potentials  in 
the  Og  case,  too,    prepared    by  heatlng 
potasiun  permanganate.  Only  one  minimum 
was  notioed  in  ail  cases. 

The  main  results  of  our  investigations 
are: 

1.  The  revealing  of  the  two  minima 
Paschen  curve  in  the  case  of  an  eleotrlc 
discharge  breakdown  in  Ng  and  Ne; 

2.  The  disoharge  breakdown  is  also 
influenced  by  phenomena  at  the  tabe  wall. 
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EFFECT  OF  COLLISIONS  BETWEEN  THE  MET  ASTABLE  ATOMS  ON  THEIR  RADIAL  TRANSPORT 
[N  A  POSITIVE  COLUMN  AT  VARIOUS  SPATIAL  DISTRIBUTIONS  OF  ELECTRONS 
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rhe  purpose  of  the  présent  contribution  is 
:o  study  the  radial  transport  of  metasta- 
îles  to  the  discharge  tube  wall  when  col- 
lisions between  two  roetastable  atoms  are 
taken  into  considération  together  with 
îther  destruction  processes.  The  nuraber 
density  distribution  of  metastables  across 
3  section  of  the  positive  column  and  their 
flux  to  the  discharge  tube  wall  are  calcu- 
lated  for  various  spatial  distribution  of 
slectrons. 

INTRODUCTION 
In  the  previous  papers  [1,2]  the  transport 
af  metastable  atoms  to  the  discharge  tube 
«ail  was  studied  when  assuming  the  metas- 
tables to  be  produced  by  direct  excitation 
by  électron  impact  and  through  the  states 
optically  connected  with  the  metastable 
States,  On  the  other  hand  only  two-body 
and  three-body  collisions  with  ground-sta- 
te  atoms,  and  collisions  with  électrons 
were  assumed  as  the  most  important  volume 
processes  that  led  to  destruction  of  the 
metastability  in  a  glow  discharge .However, 
at  higher  concentration  of  metastable  par- 
ticles  the  destruction  by  collisions  meta- 
stable-metastable  is  to  be  taken  into  con- 
sidération, The  problem  is  solved  for  va- 
rious forme  for  the  spatial  distribution 
of  électrons  g(^r/R)  assuming  the  rate  co- 
efficient for  excitation  OG  and  destruc- 
tion of  metastables  (/S  by  électron  impact 
and        by  collisions  with  atoms)  to  be  in- 
dependent  of  radius  r.  Here,  ^    is  the 
first  zéro  point  of  the  Bessel  function  of 
the  first  kind  of  order  zéro       and  R  the 
inner  radius  of  the  discharge  tube. 

THEORETICAL  MODEL 

If  n  ,  n,  n      are  the  respective  concen- 
g  •  eo 

trations  of  ground-state, metastable  atoms 
and  the  électron  concentration  on  the  axis 


for  a  steady  state  we  have 

where  D  is  the  diffusion  coefficient  of 
metastables  and   (T  coefficient  for  des- 
truction of  metastables  by  mutual  colli- 
sions. The  number  density  of  électrons  is 
given  by  n^  =  n^^g^jr/R).  Using  the  sym- 
metry  requirements  we  find  that  dn/dr  b  0 
at  r  o  0.  To  simplify  the  analysis  the 
boundary  condition  no  0  at  the  wall  was 
used  . 

The  équation  can  be  normalized  by  putting 
^  -  r^^'  f  -  ''2^"eo/^'°-  ?  =  R^^eng/^^^ 
V»  r\/Op  A  -  R  4  C/^  D.  where  C  «  OUr\^/p 
is  an  equilibrium  number  density  of  metas- 
tables. Then  we  obtain  the  following 
équation  ^ 

with  the  respective  boundary  conditions 
V>„=  0  and  (dV/dç)^^^  =  0. 

RESULTS 

The  numerical  solution  was  performed  for 


^varying  between  0  and  10    and  A  from 
0  to  1000  for  ^  =  0  (negligible  destruc- 
tion by  collisions  with  atoms).  The  spa- 


r/R 


Fig.l.  The  spatial  distribution  of  élec- 
trons across  a  section  of  the  posi- 
tive column  plotted  for  q  ranging 
from  0.01  to  64 
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bed  by  the  function  g(x)»  [^^(x)]!''  where 
0  £  q<oo,  The  faniily  of  curves  "q/^qq 
agalnst  r/R  is  shown  in  figure  1.  Figures 
2  and  3  illustrate  typical  ehapee  of  the 
radial  distributions  of  metastables  norma- 
lized  to  unity  at  the  column  axis  n/n^  for 
various  values  of  the  parameters  q  and  ^ • 
The  flux  density  of  netastables  to  the 
wall  is  given  by  a  formula 

,  -D(dn/dr)^  -  -(^/R)DC^(dY>/d5)^ 
and  it  is  shown  in  figures  4-6  (plotted 
-^(dV/dç)^  only). 

Representing  the  diffusion  équation  in 
terns  of  the  characteristic  diffusion 
length,  the  ratio  of  netastable  number 
density  at  the  axis  n^^  to  the  equilibriuo 
concentration  C  can  be  written  as 

Here  g^  is  a  nuoerical  factor  which  cha- 

"0 

racterizes  the  influence  of  the  higher 
diffusion  modes.  The  numerical  values  of 
g^  are  presented  in  table  1. 

Table  1. 


Fig.4.The  normalized  flux  density  of  me- 
tastables to  the  wall  for  q  -  0 

10 


q 

0 

0.5 

1 

2 

4 

8 

16 

64 

9o 

1.45 

1.18 

1 

0.78 

0.56 

0.37 

0.23 

0.08 

Fig.5.The  normalized  flux  density  of  me- 
ta s  t  ablestothewall^^ 


r/R      *  r/R 

Fig.2.The  radial  distribution  of  metastab- 

les  for  différent  électron  density 
profiles  and  A  «>  0 


Fig.a.The  radial  distribution  of  metas- 
tables for  q  ■  1 


Flg.6.The  normalized  flux  density  of  me- 
tastables to  the  wall  for  q  >  64 
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TRANSPORT  OF  MET  ASTABLE  ATOMS  IN  A  POSITIVE  COLUMN  INCLUDING 
RADIAL  VARIATION  OF  THE  EXCITATION  RATE 

V.  Martisovits. 

Institute  of  Physios  and  Biophysios,  Komenshy-University  816  31  Bratislave,  Mlynskà  DoUna, 
Czeahoslovakia. 


The  effect  of  radial  variation  of  the  rate 
coefficient  for  excitation  on  spatial  dis- 
tribution of  inetastables  across  a  section 
of  the  positive  column  and  on  their  flux 
to  the  discharge  tube  wall  is  calculated. 

INTRODUCTION 
Récent  investigations  [1]  of  the  radial 
distribution  of  metastable  atoms  in  the 
positive  column  have  suggested  that  the 
energy  distribution  function  for  électrons 
is  influenced  by  a  longitudinal  magnetic 
field.  As  a  resuit  of  this,  the  excitation 
rate  OC  for  production  of  the  metastable 
States  is  dépendent  on  radius.  In  order  to 
study  this  problem  the  following  model  for 
excitation  rate  variation  is  used  :  0(//0C/o  " 
.  w(^Mr/R)  «  [^oQ^^y^^  where  p  is  a  nume- 
rical  factor,  3^  the  Bessel  function  of 
the  first  kind  of  order  zéro,  ^  its  first 
zéro  point,  R  the  inner  radius  of  the  dis- 
charge tube,  and  OC  j,  the  excitation  rate 
at  r  -  0.  The  family  of  curves  06/06^ 
against  r/R  is  shown  in  figure  1  for 
-0.8  <        o,e  . 

THEORY  OF  THE  TRANSPORT 
The  radial  transport  of  metastable  atoms 
can  be  described  by  the  diffusion  équation 
for  a  steady  state  [2] 

where  n  ,  n^  and  n  are  the  respective  con- 
centrations of  ground-state  atoms,  élec- 
trons and  metastable  atoms.  Here  D  is  the 
diffusion  coefficient  of  metastables  and 
|3  coefficient  for  destruction  of  metas- 
table atoms  by  électron  impact.  As  a  first 
approximation,  the  destruction  of  metas- 
tables by  mutuel  collisions  and  by  colli- 
sions with  ground-state  atoms  is  neglected. 
A  simple  boundary  condition  at  the  wall 
n^^  ■  0  and  the  électron  density  profile 
given  by  the  zero-order  Beeeel  function 


are  also  supposed. 

By  introducing  the  dimensionless  variables 
§o  ^r/R.         R^pn^y^^D.  V>  n  n/C^.  C  » 
B  06 n^/^  ,  where  n^^  is  the  électron  con- 
centration on  the  axis,  we  obtain  the 
following  équation 

with  the  boundary  conditions  V      0  and 
RESULTS 

The  numerical  solution  was  performed  for 
AT  varying  between  0  and  10^.  Figure  2 
illustrâtes  the  shapes  of  the  radial  dis- 
tributions of  metastables  normalized  to 
unity  at  the  column  axis  n/n^.  The  ratio 
of  metastable  number  density  at  the  axis 
n    to  the  equilibrium  concentration  C  is 
plotted  as  a  function  of  ^  in  figure  3. 
The  flux  density  of  metastables  to  the 
wall  is  given  by  a  formula 


Fig.l.The  radial  variation  of  the  excita- 
tion rate  for  production  of  the  me- 
tastable atoms 
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-  -D(dn/dr)^  «  -(<M/R)DC^(d  V»/d^)„ 
and  It  is  shown  in  figure  4  (plotted 
-^(dV/d^)^  only). 

When  comparlng  the  results  presented  in 
figures  2  -  4  it  can  be  concluded  that  the 
radial  variation  of  the  excitation  rate 
has  only  a  small  influence  on  the  concen- 
tration of  metastables  n  •  On  the  other 
o 

hand  the  metastable  flux  density  to  the 
wall  and  the  radial  distribution  of  meta- 
stables are  seriously  changed  at  the  same 
conditions* 


r/R        ^  r/R 


10"^    10'^    10"^      1  10^10^  10"^ 

Fig.3.The  relative  concentration  of  meta- 
stables at  the  axis 


10"^    10"^      1         10      10^^10^  10"* 

Fig.4«The  normalized  flux  density  of  meta- 
stables to  the  wall 
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n_ECTRON  BEAM  GENERATION  BY  A  HOLLOW  CATHODE  DISCHARGE 


G.  Popa,  M.  Sanduloviciu  *  and  P.  Croitoru,  C.  Moldovan 

rsity,  lasi, 

Fleotrona  of  high  energy  have  bean  pro- 
juced  elthar  In  a  pulaed  plana  cathode 
Jlscharga  /!/  or  In  a  fr us tam  -plana 
sathoda  dlacharga  /2/. 

Thla  papar  ra porta  aome  expérimental  re- 
Bulta  whlch  ahow  that  aa  électron  beam  of 
hlgh  energy  could  be  produced  m  a  d.c. 
dlacharge  with  cyllnder  cathode  which  ope- 
ratea  at  low  current  and  hlgh  voltage. 

Kxparimantal  devlce  la  preaanted  in  flg. 
1  .The  dlacharga  was  produced  in  a  Pyrax- 
glaaa  tuba  (T)  (7.4  cm  innar  dlameter  and 
40  cm  long). A  atainlaaa  atall  cyllnder  of 
10  cm  long  and  1,7  cm  innar  dlameter  waa 
aaed  aa  a  cathode  (C).In  the  cyllnder 
there  ia  a  atainleaa  atell  movable  platon 
(P)  which  allowed  continoualy  change  of 
tha  ianar  lenght  of  the  cathode. 


K-  ^  — I  c 
-=  


of  anoda  there  la  an  electroatatic  analy- 
aer  of  1  cm  dlameter  mad«  from  a  plane 
collector  (C^)  and  two  atainleaa  ateel 
grida  (G^  and  Qj)  œaoh  of  50^  tranapa- 
rence  and  5  wiraa/mm.The  diatanca  between 
the  grida  and  gr id-collactor  waa  0.5  mm. 

An  axially  movable  cyllndrlcal  tungatea 
probe  (CP  0.2  mm  dlameter  and  1  cm  length) 
waa  place  d  paraliel  to  tha  front  a*dga  of 
tha  cathode. 

The  maaauramenta  are  performed  In  hydro- 
gen  for  the  preaaure  range  of  0.1  to  0.02 
mmHg  and  the  voltage  of  2  to  50  KV. A  d.c. 
dlacharge  waa  uaed  up  to  4  KV  and  aa  a 
pulae  of  50  jia  up  to  50  KV.Por  above  range 
of  paramatera  the  plane  cathode  dlacharge 
burna  in  an  abnormal  régime  wlthout  poal- 
tive  column  and  carrent-voltage  char acte - 
riatic  ia  given  by  /3/ : 

(1) 


^  1 1  pîiâ 

X  l8  the  dlatance  between  platon  and  front 
aad  of  tha  cathode .The  cathode  waa  water 
coollBg  and  Inaulated  ao  that  the  internai 
aurface  ooly  la  uaad  la  the  dlacharga . Au 
othav  atalBlaaa  ateel  cyllnder  of  7  cm 
dlameter  aad  2.5  cm  length  la  uaed  aa  aa 
anoda  (A)  place d  at  5  cm  far  from  the 
cathode. In  front  of  the  cathode  behalnd 


v3/2 

j  a  coaatant  —çj^ 


J  ia  the  carrent  denaity  on  the  cathode, 
V  ia  cathode  fall  meaaared  aa  a  floating 
probe  potential  with  reapact  to  the 
cathode  and  d  la  cathode  fall  ticknaaa 
meaaured  aa  the  diatanca  between  cathode 
and  probe  whlch  waa  alwaya  place d  at  tha 
négative  glow  border. 

In  fig.2  the  current  voltage  characte- 
rlatlc  (1)  la  preaented  for  différent 
cathode  lengtha.  The  équation  (1)  la  wall 


Flg.2 

ver  if le d  for  plane  cathode.  When  the  cy- 
lln<?er  cathode  Is  aoed  the  dlacharge 
still  baros  la  an  abnormal  régime  with 
well  def laite  cathode  fall  and  a  very 
Sharp  narrcw  électron  beam  corne Ing  out 
from  the  cathode  along  Its  axla  and  golng 
lato  négative  glow.  For  thls  case  the 
eqaatloB  (1)  Is  ao  more  valld  and  experl- 
neatal  carves  show  a  aonllnear  Increasiag 
of  the  discharge  carrent  wlth  cathode 
fall  voltage. 

The  électron  beam  dlameter  was  no  more 
thaa  6  mm  80  that  asing  the  electrostatlo 
analyser  the  électron  beam  carrent  could 
be  measared.  la  fig.3  the  both  discharge 
carrent  denalty  and  ratio  of  the  beam 
carrent  (I^)  to  the  total  dlacharge 
carrent  (I)  versus  cathode  length  are 
presented.  It  shows  that  a  cyllnder 
cathode  Is  more  efficient  for  électron 
beam  prodactloa  thaa  a  plane  cathode. 
Thls  efflclency  lacreaaes  with  cathode 
length.  Aa  efflclency  Increaslng  was  obser- 
ved  versus  low  dlacharge  voltage  and  it 
becomes  constant  for  hlgher  voltage 
(flg.4). 
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INFLUENCE  OF  THE  ELECTRON-NEUTRAL  COLLISIONS  ON  THE  lONIZATION  WAVES  IN  A  HELIUM  PLASMA 
G.  Popa, 

Faoulty  of  Physias  "Al.I.  Cuza"  University,  lasi,  Romania. 


Pha  gênerai  behavlor  of  the  lonlzation 
waves  in  a  d.c.  pozitive  column  h^ve  been 
(ïell  oxplained  In  a  hydrodynamic  model/l/. 
It  ahows  a  good  agreement  wlth  expérimenta 
et  hlgh  discharge  currents/2/. 
A  more  elaborated  theory  ia  a  klnetlc  one 
/3/.It  takes  account  of  the  spatial  élec- 
tron gas  résonances  which  exist  at  low 
pressures  and  currents  where  e lectron-neu- 
tral  collisions  could  not  always  establish 
a  local  Maxwollian  r^istr ibut lon.The  model 
explains  remarkable  aspects  of  the  ioniza- 
tion  waves  as  hlgh  ratio  of  the  group  to 
phese  velocity  and  WovaV-'s  law  and  more 
wave  varieties  /4/.Thua  the  wave  potential 
l.e.  the  product  of  the  lonjïltudlnal  elec- 
tric  field  H  timea  the  optimum  wavelength 
/\.ia  given  by  : 

Ug/FA  =  g(l-0()    for  q  =  1  or  2  (1) 
Ug  is  the  first  excitation  potential  and 
o(  is  the  ratio  of  the  elastic  over  Inelas- 
tic  électron  energy  losses  in  undisturbed 
column. 

The  alm  of  this  paper  is  to  présent  aome 
expérimental  évidence  on  résonant  behavlor 
of  the  lonlzation  waves  and  Influence  of 
the  electron-neutral  collisions  on  this 
résonance  for  the  hélium  plasma.  In  a 
hélium  pozitive  column  the  small  coeficlent 


0(  is  using  /5/  glven  by:  ot  -  const. 
(p/ïï\/Û)^,  where:  p  Is  the  gas  pressure,! 
electrlc  field  Intensity  and  U  électron 
energy.  Therefore  the  équation  (1)  becomes 
for  q  =  1  : 

1  -  (Ug/EA)  =  const.   (p/E\/li)^  (2) 
which  could  be  exper ime ntaly  checked.  For 
this  purpose  the  electrlc  field  F,  élec- 
tron température  U  and  optimum  wavelength 
are  measured  for  différent  hélium  pressure 
p  (for  hélium  Ug  =  19.82  V). 
Expérimental  device  and  method  are  presen- 
ted  in  a  previous  râper  /6/.The  both  in- 
terferometer  and  space  tlme  diagram 
methods  have  been  used.The  longitudinal 
electrlc  field  E  and  plasma  parameters 
were  measured  wlth  cyllndrlcal  probes 
place d  neer  anode .The  discharge  waa  produ 
ced  in  a  pyrex  tube  (60  cm  long  and  R  = 
=  0.5  cm  inner  radius)  fllled  wlth  spec- 
trally  pure  hélium.  An  external  sinusoïdal 
signal  which  modulâtes  the  dlacharge 
current  (less  than  \Qffc)  was  used  for  lonl- 
zation wave  excitation. The  waves  are  de - 
tected  by  a  photomult ipller  couoled  wlth 
an  Interferometer  System  and  rogistered 
on  XY  recorder .Such  interferometer  traces 
allowed  to  measure  the  both  wavelengths 
and  space  amplitude  variation  ratea 
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for  différent  f  re  que  nclee  .  Tn  fif^.l  the 
both  dispersion  =3nd  apatial  anr^lif ic^tlon 
rate  curves  are  présente^  for  g  conat^nt 
discharf^e  currcnt  and  various  n:as  prespu- 
res.The  curves  ghow  the  backward  fa?t 
waveg  of  which  gpace  amplification  coeffi- 
cient iB  larp-er  then  unity  only  for  redu- 
ced  pressure  above  about  1  Torr.cm. 


pR(Torrcm) 


Ua/E7\ 


Tn  such  conditions  the  space  ti^ie  diagram 
shows  a  wave  pronagatlon  which  corresponds 
only  to  the  ontimura  wavelength  and  it  is 
also  in'-'icated  by  maximum  of  the  sp  33e 
amplification  rate  curve  (circle  point  on 
bottom  dispersion  curve  fl<^.l).The  maxi- 
mum of  the  space  amplification  curves  show 
in  fi"-.l  the  optimum  wavelengths  for  va- 
rious pressures  and  for  the  constant  re- 
duced  discharjre  currGnt(60  mA/cm).The  lon- 
gitudinal electric  fleld  ind  the  électron 
température  have  been  measured  for  un  - 
disturbed  column.Their  values  are  presen- 
ted  in  table  1  together  with  the  both 
phase(v^)  and  group  velocities  (v^)  of  the 


ioniT'.at -îon  wave"  corresnondinp  to  the 
optimum  wavrlengthr 

TaHld  1 

p(TJ/m^)  g(V/m)  U(V)  v^(m/a)  v^(m/a)  v^v^ 
8?  Q40    f.O    16.000      1.800  8.88 

133  l.noo  5.6  1?,600  1.270  9.9? 
?13      1.010    5.3      T. 100  800  3,87 

3^9       1.050    4.3  540  530  1.0? 

Tn  fig.?  the   dep'^rdence  of  logH-Ug/FA)  ' 
versus  logCp/F^/Û)  ig  proRented.  Tt  ahowa  s 
f  traight"!  In-^.   fo>-  eyroriment-l  pointe:  up  to 
about   1   'Vorr  .r-r  ,7!hrf€   f;h"   rqtio  v  /v  _  »  1 . 


-1.0 


g'  f  ^ 

lg(P/Eyïï)— 
-0.8       -0.6       -OA  0 


"7  î 

-1-0.5  J 


3° 
-0.6  J_ 


-0.7 

?ig.2 

The  above  f  xpf  r i p-n nt ^  1  résulta  --hown  that 
at  low  pres.sure  ur  to  1  Torr.cm  a  résonant  | 
behavtor  of  the   ionization  waves  exista. 
With  increafiing  prepsuro  for  const mt 
currart  the  f l^ctron-neutral  colllelon 
number   i ncrc oser , the  phase  and  group  velo-  j 
cities  become  compTrable  and  dispersion  I 
curves  become  flat.Tt  shows  a  transition  to™ 
hydrodynamio  behavior  and  eq,(2)  is  no 
more  valid. 
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ELECTRON  ENERGY  DISTRIBUTION,  ELECTRIC  FIELD  AND  TRANSPORT 
COEFFICIENTS  IN  THE  FARADAY  DARC  SPACE 


E.  Berger  and  A.  Heisen. 

Sektion  Physik  der  Universitat  Munohen,  W.  Germany. 


iThe  Faraday  Darc  Space  FDS  o 
discharge  is  a  good  test  obj 
tion  of  électron  velocity  di 


an  anomalous  glo\ 
:t  for  the  invest: 
:ributions    (EVD)  : 


:  négative  glow 


weak  electric  fields,  because  it  i 
région  between  the  nearly  field-fr< 
and  the  positive  column. 

The  EVD  was  measured  by  double  dif f erentiation  of 
a  Langmuir  probe  character istic  /1,2/.  The  work 
function  of  the  probe  surface  is  influenced  by  the 
probe  current.  This  can  be  elirainated  by  periodically 
potential  measurement  of  a  fixed  point  on  the  probe 
characteristic  itself  by  sample  and  hold  technics 
/4/. 

Together  with  a  properly  matched  electronic  cir- 
cuit this  procédure  allows  measurements  of  the 
second  derivative  over  more  than  4  décades  with 
high  accuracy. 

The  reduced  electric  field  strength  E/N  influences 
the  EVD.  Therefore  it  is  possible  to  détermine  this 
parameter  by  comparison  of  the  solutions  of  the 
Boltzmann  équation 

^  "    (E+vxB)  V  f  . 


3t^ 


j 


■  j 


équation  System  \ 
local  equilibriur 


and  the  influence  of  density  and  field  gradients 
are  negligible  with  respect  to  the  détermination 
of  transport  parameters  evaluated  from  the  EVD  /8/. 


The  solutions 


lulting  integro-dif ferential 


with  measured  EVD' s.  We  solved  it  for  the  électrons 
in  the  FDS  of  a        glow  discharge  with  following 
assumptions:   stationary  discharge  without  magnetic 
field;   low  ionization  degree;  use  of  the  Lorentz 
approximation;  maxwellian  distribution  for  the  neu- 
tral  gas  with  température  Tg .  Numerical  values  of 
the  elastic        and  inelastic        impact  cross  sec- 
tions with  the  threshold  potential        were  taken 
from  an  investigation  in  the  E/N-range  above  10  Td 
made  by  Michel  and  Winkler  /5/.   In  the  thermal 
range  it  was  further  necessary  to  take  into  account 
rotational  excitation  and  deexcitation  cross 
sections  /6,7/. 

For  the  solution  of  the  resulting  différentiel 

'e  assumed  further:  The  EVD  is  in 
1  with  the  electric  field 
f  (v) 


f|E\2    MU  2^  kl 

O^U^f (U)  +  ^  SI (U)  = 
SI(U)   =1  j  Jo.  (U)Uf  (U)dU  ■ 


'  0_. (U)Uf (U)dU  \ 


-  E/N 


were  compared  with  respect  to  the  parameter 
with  literature  values  for  drift  velocity  and 
characteristic  energy  collected  by  Dutton  /9/ .  They 
show  good  agreement  /lO/. 

From  more  than  300  local  measurements  of  the  EVD 
in  the  FDS  performed  in  a  bakable  UHV  discharge 
apparatus  with  cylindric  symmetry  we  got  the  axial 


différent  current  parts  shown 


^  6  8 

Anode  dist:  [cm] 


^  b  E  :  électron  drift  current 
grad{n  ):  électron  diffusion 

^  b    E     :  ion  drift 

qrad(n  ):   ion  diffusion 
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b    and  D    are  the  ionic  transport  coefficients  for 
ions  in       .  By  mass  spectroscopy  was  found 

to  be  the  dominating  ion. 

Discharge  parameters:  tube  diameter  60  mm;  soheri- 
cal  probe,  diameter  1  mm;  discharge  current  6.1  mA, 
H^-pressure  51  Pa. 

Fig.   1  shows  that  the  recombination  loss  of  ions 
at  the  tube  wall  with  the  current  density  j 


(3)  j„. 


!  D  (E/N)  (dn/dr)„ 


D  :  ambipolar  diffusion  coefficient,   is  compen; 
by  the  drift  of  ions  comming  from  the  anod 
The  total  loss  of  ions 


regi( 


(4)     2TrR  j 


For  approximate 
transport  equat: 


:  dr 


alytic  survey  \ 


diffusi 


.mplified  field  dépendance  of  the  ambipola] 
>n  coefficient  D  (E/n) 


300  K  and  for  the 


(6)  N  •   D   (E/N)    =  E/N 
valid  near  10  Td  in 
mobility  of  we  use 

(7)  N  •  b_^  =  3.01-10^°  [v"^s"^cm"^J 

The  combination  of  (3)  -   (7)  gives  the  axial  dé- 
pendance of  the  électron  mobility  in  the  FDS 

(8)  -         •  N  •  ^  In   (b^)   =  const 

From  this  équation  we  conclude:  The  local  distri- 
bution of  électron  mobility  is  the  determining 
mechanism  for  the  axial  extension  of  the  FDS  -  in 
contra;ry  to  the  FDS-model  of  Ecker  and  Emeleus/U/. 
The  mobility  détermines  the  axial  field  and,  taking 
into  account  the  current  transport  équation,  the 
charge  density, too. 

With  respect  to  the  numeric  dépendance  D^(E/N),  a 
numeric  solution  givas  a  good  agreemant  with  tha 
expérimental  data  shown  in  figs.  2  and  3. 
Especially  the  strong  dacrease  of  the  charge  den- 
sity naar  the  anode  is  wall  reproduced  (fig.  2). 
The  Sharp  rise  of  tha  elactric  fiald   (fig.   3)  in 
this  région  is  not  reproduced,  because  the  assvimp- 
tion  of  local  equilibrium  of  tha  EVD  with  the  field 
is  not  valid  here. 

Fiald  maasurements  with  a  transversal  électron 
baam  confirm  the  strong  risa  of  the  alectric  fiald. 


V 

U  6 
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\  NONLINEAR  KINETIC  THEORY  FOR  HF  PLASMA  GENERATION  AND  ELECTRON  HEATING. 


G.  Cicconi  *,  V.  Molinari* *,  L.  Pollachini***  . 

*Eleatriaal  Engineering  Dept.  University  of  Genoa, 
**Nualear  Engineering  Lab.,  University  of  Bologna, , 
***C.I.S.E.,  Milan  Italy. 

Nowdays  a  consistent  progress  has  been  obtained  in 
describing,  by  means  of  kinetic  models,  the  électron 
kinetics  of  many  gas  discharges  and  plasma  générat- 
ion also  in  nonsteady  state  and  inhoraogeneous  to  un- 
derstand  the  microphy sics  of  the  phenomena  involved 
in  thèse  plasmas  /1//2/.  Particularly  a  nonlinear  a- 
symptotic  analysis  of  the  positive  column  /4/  and 
the  more  extensive  theoretical  investigations  on  pla- 
sma column  at  high  degree  of  ionization  and  under 
free  fall  and  ambipolar  diffusion  régimes  /5/,  have 
been  considered.  The  replacement  of  the  positive  co- 
lumn of  a  glow  discharge,  by  means  of  a  plasma  column 
produced  by  a  HF  field,  was  recently  also  proved  /3/. 
The  theory  presented  in  this  paper  may  be  considered 
in  this  context  as  a  first  approach  for  a  more  det, 
ailed  description  of  plasma  génération  and  électron 
heating  in  HF  discharges. 

We  consider  a  cylindrical  column  of  ionized  gas  with 
an  alternating  electric  field,  E^C?,  t),  at  a  fre- 
quency  u»  ,  applied  to  the  whole  column  symmetrical- 
ly  and  directed  along  the  axis  of  the  cylinder.  This 
situation  could  be  regarded,   for  instance,  as  an  i- 
dealized  model  of  a  plasma  column  placed  în  a  cylin- 
drical waveguide  or  résonant  cavity.  The  présence  of 
collisions  permits  the  transfer  of  energy  from  the 
electric  power  to  the  électron  gas  as  an  effective 
thermal! zation  of  the  energy  added  to  the  gas  with 
a  subséquent  growth  of  ionization  and  plasma  produc- 
tion. The  aim  of  this  paper  is  to  détermine  the  élec- 
tron density  and  électron  température  distributions 
inside  the  column  for  the  plasma  generated  by  a  HF 
field,  as  before  sketched,  when  the  global  collis- 
ion frequency  of  momentum  transfer  between  électrons 
and  other  particles,         ,  of  collislonal  plasma  sa- 
tisfies  the  condition  t>.  »(t>  • 

The  plasma  is  described  by  the  following  system  of 


Italy. 
Italy. 


nonlinear  équations  (for  sake  of  simplicity  we  con- 
sider an  infinité  plane  slab  as  a  valid  approximat- 
large  radius  cylinder): 


where  the  unknowns        ,1^^  (current  densities) ,  Hx  > 
(total  energy  flows),  n^,  T^(electron  density 
and  temterature)  and  E^(external  electric  field)  a- 
re  averaged  In  a  HF  period.  The  coefficients  are: 

V^-^,  -W'^. 

(valid  for  («>4<V(^  ),  lf,5U/c, 

^c=>'.i.=N,5.o:(»)=jI/,>>cov.t^  <r,,^.i 

where  0^(^^  is  the  microscopic  cross  section  and  g 
the  relative  velocity.  The  collision  term        for  e- 
lectron-neutral  and  electron-ion  collision  is  con- 

The  ionization  and  recombination  frequencies  are: 

where  ^  and  (J^  are  the  microscopic  cross  sections, 

£.•  the  ionization  potential  and  O^sR^. 
In  order  to  solve  the  system  (1),  for  a  slab  of  wi- 
dth  2a,  wé  assume  foi 

type, 

where  %(>^  an  unknown  function.  By  simple  al- 
gebra  an  équation,  only  dépendent  on  )^  ,  for  the 
électron  température  can  be  obtained.  Moreover  It 
Is  possible  to  prove  that  if  the  central  zone  of 
the  slab  la  only  considered,  we  have  V  const 


t  distribution  of  the 

.OU  À  X  ^  a. 
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since  X  is  a  very  smooth  function.  By  taking  into  ac- 
count  this  hypothesis,  witBi  boundary  conditions 

the  parametric  équation  for  the  électron  température 
for  small  values  of  x/a,  becomes 

where  1^5  /\:^    and  ^C^i^ifj^))  =const . 


in  /4//5/  and  with  those  of  the  conventlonal  theo- 
ry  of  the  positive  column. 


For  the  elc( 


obtain  the  solutioi 


:  F(a,b;t)  is  Gai 


confluent  hypergeometric 


function,  and     .  1  t  1. 

E^(a)  is  a  constant  which  satisfies  the  boundary  con- 
ditions on  the  slab  surface.  For  sraall  values  of  x/a 
the  (4)  simply  becomes 

which  is  not  dépendent  oh  . 

The  équation  for  is  the  following: 

A  diffusion  length  may  be  defined  as  a  function  of 
^    as  follows 

In  Fig.  1  are  shown  the  calculation  results  of 

versus  E^^  in  the  case  of  diffusion  dominated  plasma 

(DDP)  for  T  =  0  and  with  T      as  a  parameter. 
s  eo 

In  Fig.  2  for  a  recombination  dominated  plasma  (RDP) 
or  ionization  dominated  plasma  (IDP)  are  shown  the 
values  of  \A1  versus  /T  /  with  T      as  a  parameter. 
In  Fig.  3  the  distribution  of  T    along  /x/  is  shown 

as  a  function  of  T  /T      f or  >  =  1  and  0^  =  -1. 

s  eo 

We  can  conclude  with  the  following  statements: 

1)  The  gradients  of  n(x)  and  T  (x)  are  opposite  and 

are  dépendent  on  the  source  term  T  .  In  DDP  and  IDP 

ttases  (T  ^  0,    )k^0),  on  the  centre  of  the  column: 

n  =  raax  and  T    =  min.  In  RDP  case  (T  <  0,X<0), 
°  eo  s 

n  =  min  and  T    =  max. 

°  eo 

2)  The  results  are  consistent  with  those  reported 


1)  A.  Rutscher.  Invited  lecture  of  XIII  ICPIG,  Ber- 
lin,1977,  269. 

2)  T.  Rùfcièka  and  K.  Rohlena.  Invited  lecture  of  XI 
ICPIG,  Praha,  1973,  61. 

3)  M.  Moisan,  C.  Beaudry  and  P.  Leprince.  IEEE  Trans. 
on  Plasma  Science.  PS-3,  1975,  55. 

4)  H.  W.  Friedman.  The  Physics  of  Fluids.  1967,  2053. 

5)  H.B.  Valentini.  Proc.  of  XIII  ICPIG,  Berlin,  1977, 
225. 


IAI(P^) 
1 

O.f 


/0%  A(<m)  Flij.l 


0   OA  al  al  o.^  o.ç 


I  l/,  DE'  PHYSIQUE 


Colloque  C7 ,  supplément  au  n°7.  Tome  40,  Juillet  1979,  page  C7-  195 


USE  OF  TIME-RESOLVING  HIGH  RESC3LUTION  SPECTROSCOPY  IN  THE  INVESTIGATION 
OF  PULSE  HOLLOW-CATHODE  DISCHARGES 

S.Z.  Mohamad,  A.P.  Petkov. 


University  of  Sofia,  Dept.  of  Physias,  Bulgaria. 
Introduction 


ften  made 
orption 


Recently  the  hollow- cathode 
rge  with  puise  suplay  is  quite  of 
use  for  the  purposes  of  at 
spectroscopy .The  time  dependences  of  the 
spectral-émission  characteristics  of  the 
puise  feed  hollow-cathode  discharge , are 
of  a  great  interestC  1 -3  )  •'î'iieir  detailed 
study  yields  valuable  information  on  the 
physical  processes  in  the  hollow-cathode 
source  depending  on  the  feeding  régime, 
besides  the  several  interesting  applica- 
tion possibilities  that   it  offers. 

In  the  présent  work  an  examination  is 
made  of  the  dependences  of  the  intensit- 
ies  and  the  half-width  of  certain  spect- 
ral  lines  of  chromium  depending  on  para- 
meters   of  the  feed  puise, namely  the  dura- 
tion  of  the  current  pulsos( t^ ) , the  durat- 
ion  of  the  pauses( Tp ) , the   frequency  of 
the  puises  f, etc. Thèse  dependences  are  co- 
mpared  with  analogous  para 


nt  fe 


th 


dire- 
ity 


variations   of  between  5   to  20  mA  and  acc- 
ordingly  pules- current  variations   of  bet- 
ween 100  to  400  mA.On  the  basis   of  thèse 
measurements  température  déterminations 
of  the  plasma  were  ma 
puise  intensity  of  th 
intensity  of   the  dire 


depending  on  the 
urrent   and  the 
current ,    and  on 


the  freque 


Expérimental 


of  the  puis 


agram  showing  the  principles 
of   the   expérimental  setting 
ig.l.The  hollow-cathode  dis- 


charge  is   supplied  from  a  puise  generator 

while   the  recording  of   the  line  and  its 

width  is  done  with  a  universal  Fabry-Pe- 

rot  UFPS-1    interf erometer  " Carl-Z eis s" - 

Jena  with  piezoceramic   scanning.For  the 

recording  proper  an  oscillograph  or  chart 

recorder  is  us ed , depending  on  the  type  of 

the  discharge. Use  was  made   of   the  O5-I 5 

(USSr)  puise  generator. The  feeding  of  the 

current  is  done  with  the  aid  of  rectangu- 

lar  puises   of  a  duration  of  between  5  to 

10  usée   and  pauses  between  them  of  a  du- 
ration is  from  15©  to  600  ;Jsoc,i.e  with  a 

n-epetition  frequency  of  between  1    to  7 
KHz. The  d.c   bias   current  was   O.5  mA , and 
the  puise   current, as  much  as  up  to  400  mA. 

For  the  sake  of  obtaining  correct  res- 
ults  a  detailed  study  was  necessary  of 
the  apparatus  function  of  the  Fabry-Perot 
interf erometer. To  that  end  several  metho- 
ds  were  used.The  one  with  the  use  of  hel- 
iiam-neon  laser ,  Qpgj,^^-(^j^g  ^  single-mode 
régime, proved  the  best(4).in  the  treatme- 
nt  of  the  profiles  the  methods  of  Minkow- 
ski   and  Bruck  (5), were  used, 

Results 

On  Fig.2    the  dependences   of   the  int- 
ensity I   of   the  spectral  line  of  chromium 
with  A   =4254  A  are  shown  depending  on  the 
puise   (curve  2)   and  direct   (    curve  4)  cu- 
rrents,and  depending  on  the  half-width 
also  on  the  puise   (    curve   1 )   and  direct 
(    curve  3)   currents.In  thèse  measurements 
the  duration  of   the  puises   t=lO  ^fsec,and 
the  duration  of   the  pauses  T=200  J^sec  rem- 
ain constant. 


•■tg.a 
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On  Fig.3   analogous  dependences  are 
presented.but  with  fixed  values   of  Tp=200 
Psec  and  a  puise  current   of   Cp=300  mA,and 
corresponding  variations   of   the  duration 
of   the  puises   and  the  direct   current  inte- 


nsity . 


ves    1    and  3   givs   the  half- 


idth 


Fig.3 

for  a  puise  and  dlrect-current  régimes, 
and  curves  2  and  4, the  intensities  for 
Ise  and  direc t- current  régimes. 


Cp=300mA 

t  =10^s 

100       200       300       400  500 
20  15 


5  ^' 


fh 


Fig.4 

On  F±g.k   the  dependences  are  given 
of   the  intensity  and  the  half-width  of 

e  line  as  a  function  of  Tp  and  C^^ 
with  fixed  values   for  the  puise  current 
Cp=  300  mA,and  the  duration  of  puises  tp 
10  jUsec.Gurves   1    and  3  relate  to  the  half 
widths        of  the  line, and  2  and  h,to  the 


intensities  in  puise  or  direct-curr ent  su 
pply. 

With  the  aid  of   the  f  ormula  A'îr  7  .  1  6  . 
lO-7i)^l|^T/M),where  M  is   the  mas  s   of   the  at 
om  of   the  chromium  =5 1.99, and  assuming  th 
at   the  other  interactions  are  negligibly 
minute  and  that   the  line  has  a  Doppler  pr 
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Fig.5 

ofile,the  discharge  températures  ^  were 
determined  as  a  function  of  the  puise  cu- 
rrent, the  intensity  of  the  direct  current 
and  the  frequency  of  the  puises  (Fig,5,6). 
On  both  figures  the  curves  1  refer  to  pu- 
ise feed,and  2,to  direct- 
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Abstract.  Plasma  is  produced  by  a  microwave 
surfaguide^^^  in  a  cylindric  quartz  cell  filledwith 
hélium  at  a  pressure  o£  14  torrs.  A  homogeneous 
plasma  is  so  obtained  along  the  axis.  Spectrosco- 
pic  diagnostics  are  used  to  measufe  during  the 
first  100       s  and  in  différent  parts  of  the  cell  : 

a.  différent  atomic  and  molecular  excited  le- 
vels  populations 

b.  the  rotational  température  of  He^  in  two 
electronic  states  e^^  and   E  ^ 

c.  a  mean  electronic  température  of  the  class 
of  électrons  which  recombine. 

Introduction.    Spectral  investigation  has  shown 
that  many  atomic  and  molecular  levels  are  popu- 
lated  during  1  OOyx  s  by  recombination  processes 
in  the  case  of  non  complète  Boltzmann  equilibrium. 
To  describe  the  variations  of  populations  in  thèse 
conditions  R.  Deloche  and  col.'^^^have  shown  that 
it  is  very  important  to  détermine  the  ratio  ^  J'Y ^ 
where  T    is  the  electronic  température  and  the 
neutral  gas  température,  parameters  we  try  to 
détermine  in  this  work. 

Expérimental  methods.    The  plasma  is  observed 
end  on,  in  a  direction  parallel  to  the  axis  of  the 
cell,  on  a  diameter,  at  a  distance  r  f rom  the  axis 
(Fig.l).  The  intensity  of  différent  Unes  is  analy- 
sed  by  a  System  (Fig.  2)  including,  a  Jobin-Yvon 
monochromator  HRS  (dispersion  12A/nrm),  a  6256 
S  EMI  photomultiplier,  a  counter  System  Inter- 
technique IN  90  with  a  multichannel  analyser  and  a 
computer  using  différent  acquisitions  techniques. 
The  single  photon  technique  was  the  most  adéquat 
in  this  case  because  the  time  resolution  could  be 
as  good  as  wanted. 


Ta»  T«m« 

Fi,.2 

1.  The  population  of  différent  atomic  and  mole- 
cular levels  varies  with  r  and  t  (Fig.  3  and  4). 
Along  a  diameter,  we  obtain  one  minimum  on  the 
axis  and  two  maxima  on  both  sides  of  the  axis.  The 
amplitudes  of  the  two  maxima  are  not  identical. 
The  decay  is  exponential,  the  relaxation  time  va- 
ries with  r  and  is  of  the  same  order  for  atomic 
and  molecular  levels. 


2.  The  rotational  température  is  measured  by 
considering  the  Boltzmann  diagram.  Equilibrium 
is  realised  for  ail  the  rotational  numbers  J  except 
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for  one  J  (J  higher  =  2)  on  the  walls  of  the  cell. 
Rotational  température  varies  only  a  little  with  r 
and  t  (  A  t  o:  100  K),  about  700  K  (Fig.  5  and  6). 


ctronic  tempe  ratur 
theory  of  Gri--/^/' 


iluated  by  us 


and  Drawin'      .    A  partial 
librium  is  realised  between  électrons  (for  electro- 
nie  density    10^^  or  10^^  ^^-3^         ^^^.^^  ^^^^^ 

in  levels  with  quantum  number  higher  than   5  (In 
fact  the  level    6  ^D).  The  electronic  température 
what  is  so  measured  is  constant  enough  during  the 
first  30/Ls    but  increases  in  the  cell  in  the  part 
nearer  the  generator.  This  mean  température 
keeps  high  enough  (1500-  2000  K)  (Fig.  5  and  6)  . 
The  reason  is  that  another  class  of  électrons  with 
very  high  energy  certainly  exists  during  this  inter- 


/3/H.R.  Griem  -  Pla, 
Graw-HiU  Book  Compa 
London  (1974). 
/4/H.W.  Drawin  -  Z. 

Z. 


sma  Spect 
ny.  N.Y. 


oscopy,  Ed. 
San  Francis 


Phys.  228, 
Phys.  225, 


99  (1963) 
483  (1972). 


Discussion.  Thèse  measurements  are  interesting 
because  they  wiU  permit  to  study  recombination 
processes  during  the  early  afterglow  when  T  is 
high  enough  and  when  complète  Boltzmann  equili- 
brium  is  not  obtained.  If  T^  represents  the  tem- 
pérature of  the  neutral  gas,  T^/T^  varies  a  little 
with  time,  what  explains  the  différent  exponential 
decays  ;  but  T^  and  T^  vary  with  r  what  justifies 
the  important  variation  of  populations  in  the  cell. 
Références. 

/l/M.  Moisan,  C.  Beaudry,   L.  Bertrand,  E. 
Bloyet,  J.M.  Gagne,  P.  Leprince,  J.  Marec, 
G.  Mitchel,  A.  Ricard,  Z.  Zakrzewski  -  Interna- 
tional Conférence  on  Gas  Discharges,  Swansea 
U.K.  (Sept.  1976)  n"  143,  p.  382. 

/z/  R.  Deloche,  P.  Monchicourt,  M.  Cheret, 
F.  Lambert  -  Phys.  Rev.  A  l^,  1140  (1976). 


UHNAL  DE  PHYSIQUE  Colloque  C7 ,  eupplément  au  n°7.  Tome  40,  Juillet  7979,  vageZl-  199 


•HYSICAL  PROCESSES  iKl  ARC  HOLLOW  CATHODE 
G.A.  Dyuzhev,  E.A.  Startsev  and  V.G.  Yur'ev. 

A.F.  loffe  Physiaal  Teohniaal  Institute,  Aaademy  of  Sciences  of  the  U.S.S.R.,  Leningrad,  K-: 


Hollow  cathodes,  either  single  or 
lultichannel,  are  considered  now  as  high- 
îurrent  extensive  lifetime  électron  emit- 
lers  in  différent  discharge  devices.  De- 
ipite  the  amount  of  works  some  physical 
)roceases  inside  hollow  cathodes  are 
itill  poorly  understood  /I/.  It  is  caused 
)y  difficulties  of  detailed  diagnostics 
)f  the  cavity  plasma  in  the  conventional 
ligh-temperature  hollow  cathodes  /2/. 

In  this  communication  on  the  groimds 
)f  detailed  diagnostics  of  the  plasma  in 
;he  "active  zone"  is  carried  out  the  in- 
vestigation of  ionization,  carrent  con- 
luction,  energy  balance  of  the  cavity 
)lasma  in  dependence  of  external  condi- 
;ion8.  The  expérimental  studies  described 
m  présent  paper  involve  highly  ionized 
;avity  plasma  HG  operated  at  arc  currents 
rrom  10  to  100  A  and  césium  or  argon  pres- 
sures from  I  to  10  Torr. 

The  assembly  used  is  presented  in 
?ig.I.  To  maintain  constant  cathode  tem- 
jerature  which  is  determined  by  auxiliary 
leater,  the  discharge  is  supplied  by  sta- 
îilized  rectangular  puise  of  I  msec  dura- 
tion  and  12.5  Hz  répétition  rate.  The 
tteasurements  are  performed  on  the  end  of 
3upply  puise, when  relaxation  processes 
ire  terminated jby  Systems  of  gating  inte- 
sration  (strob  duration  •»»lyusec). 

Adsorbtion  of  césium  on  the  cathode 
surface  diminishes  its  work  function  to 
as  low  values  as  jf^.     1 .3  -  I eV  and 
allows  to  obtain  high  thermoionic  current 
iehsities  lO"""-  lO^A/cm^  at  low 

emitter  températures  (  7^^^^^ 

The  diagnostics  of  the  cavity  plasma 
is  made  by  the  probe  moving  axially  in 
the  HC.  The  évaluation  of  the  probe  data 


Is  carried  out  by  diffusion  theory  assum- 
ing  charge-particle  génération  in  the 
probe  sheath  /V-  Outside  the  HC  the 
probe  data  are  compared  with  optical  ones. 

Fig.I  shows  plasma  potential  distri- 
bution Vq  (in  respect  to  the  cathode), 
électron  température  Te  (probe  charac- 
teristics  point  that  Maxwellian  distribu- 
tion function  exist)  and  plasma  density 
profiles  at  différent  points  of  carrent- 
voltage  characteristics. 

Analysis  of  obtained  distributions 
show  that  the  current  conduction  is  de- 
termined mainly  by  f ield  component  of 
électron  current  (where 

fully  ionized  plasma 
conductivity  and    £      is  f ield  strength) . 

In  Fig.2  the  values  of  total  current 
Ijj  »^j(2,)jr/î*    passed  through  z-cross-sec- 
tion  of  HC  and  ionic  carrent  _« 

ionic  current  density)  are  presented.  The 
good  agreement  of   2jf0>      with  the  dis- 
charge current    I      indicates  the  radial 
uniformity  of  the  cavity  plasma. 

The  linear  dependence  of    l2^(^)  and 
Il(Z)        upon  z  is  explained  by  the 
émission  current  constancy  in  the  "active 
zone"  of  HC. 

Some  parameters  that  characterize  the 
HC  opération  at  différent  values  of  the 
current    Z      are  given  in  the  Table. 

Plasma  pénétration  depth  L  ,  ionic 
current  portion  Jf'ItW/X  émission 
current  density  are  presented. 

The  ratio  of  power,  carried  out  by  élec- 
tron current  from  the  cavity  plasma,  to 
total  power  and  the  ratio  of  power,  car- 
ried out  by  ionic  current,  to  total  po- 
wer are  presented  also. 
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The  évolutions  show  that  radiation 
losses  are  the  most  significant  ones  bet- 
ween  the  other  losses. 


I,A 

L,cn 

r 

9 

0.9 

0.19 

II 

0.29 

0.33 

1.2 

20 

I.I 

0.23 

18 

0.31 

0.37 

2.0 

30 

1.4 

0.26 

22 

0.32 

0.38 

2.9 

40 

1.7 

0.29 

25 

0.32 

0.38 

3.8 

Physical  processes  which  occur  in  the 
HC  with  highly  ionized  plasma  are  well 
described  by  the  équations  presented  in 
/5/.  Received  results  show  that  the  HC 


operated  at  constant  current  without  auxi- 
liary  heating  is  heated  mainly  by  ionic 
current    W-*  =  2nfi  fC£^^  -jf  ^^f.(*>]ù<^)dz 
and  cooled  by  électron 
émission     W,^  '  ^wRLj,^  (ZkT^  . ) 
and  by  the  heat  conduction  to  the  cathode 
holder.  At  low  current  values,  when 
V^'~W^  the  ionic  current  heating  is  ba- 
lanced  by  the  électron  émission  cooling. 
At  higher  currents     W-'  >  W,^    that  can 
create  the  important  température  gradi- 
ents on  the  HC.  The  current  limitation 
occurred  at  lower  césium  pressures  /6/  is 
caused  by  the  achievement  of  the  current 
density  which  is  comparable  with  random 
électron  current  density    4     »  Lan  v/8«?» 
at  exit  of  the  HC .  it  r 

/I/.  J.L.Delcroix,  A.R.Trindade.  Adv.  in 
Electr.  and  Electr.  Phys.  88, 
1974. 

/2/.  A.Brunet.  Proc.  XII  Int.  Conf.  on 

Phen.  in  Ion.  Gases,  p. 231,  Eindho- 
ven,  Rolland,  1975. 

/3/.  G.A.Dyuzhev,  E. A.Startsev,  S.M.Shkol- 
nik,  V.G.Yur'ev.  J.  Techn.  Phys.  48, 
2II3,  1978. 

/4/.  P.G.Bakst,  G.A.Dyuzhev,  N.K.Mitrofa- 
nov,  S.M.Shkolnik,  V.G.Yur'ev. 
J.  Techn.  Phys.  4^  2574,  1973. 

/5/.  F.G.Bakst,  A.B.Rybakov.  Proc.  XIII 
Int.  Conf.  on  Phen.  in  Ion.  Gases. 
p. 527,  Berlin,  G.D.R.  1977. 

/6/.  G.A.Dyuzhev,  E. A.Startsev,  S.M.Shkol- 
nik. J.  Techn.  Phys.  48,  2495,  I978. 
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PTICAL  INVESTIGATIONS  OF  THE  SPONTANEOUS  EXTINCTION  OF 

hC  HIGH-CURRENT  KNUDSEN  ARC  DISCHARGE  IN  C*-Ba  GAS  MIXTURE 

V.I.  Babanin.V.B.  Kaplan,  I.N.  Kolyshkin,  V.I.  Kuznetsov,  A.M.  Martsinovskii, 
A.S.  Mustafaev,  V.I.  Sitnov  and  A.Ya.  Ender. 

loffe  Physical-Techniaal  Institute  of  the  U.S.S.R.  Academy  of  Sciences,  Leningrad,  U.S.S.R. 


The  investigations  of  the  spontaneous 
extinction  in  a  switching  Cs-Ba  triode 
Lth  a  fine-mesh  grid,  operating  in  the 
)llisionless  mode,  have  been  carried  out. 
le  use  of  Cs-Ba  mixture,  where  césium  is 
plasma-forming  component,  allowed  to 
)tain  émission  currents  from  the  cathode 
)  to  100  A/cm2  in  Cs-pressure  range 
)-3_  10-2  Torr  and,thus,  easily  attain 
ae  limits  of  gas  current-conduction 
ipacity . 

It  is  showTL,  that  the  critical  current 
■^rit»  preceding  the  spontaneous  extinc- 
Lon  of  the  arc  (  the  upper  current  limit), 
3esn't  dépend  on  Ba  pressure  and  is  pro- 
srtional  in  a  wide  range  to  Os  pressure 
Pig.1   ).  It  is  ascertained,  that  jcrit 
3  the  density  of  électron  current,  which 
an  be  compensated  at  the  complète  ioniza- 
Lon  of  the  plasma-forming  atoms, 

jcrit  =  (  ^V^^  )PTIV^; 
gre  V.-  average  ion  velocity  in  the  plas- 
a,m.(i  )  -  ion  (électron)  mass,  P  -gas 
resèuri,  T  -  température, 
ime  of  existence  of  the  arc  discharge 
nder  conditions,  when  the  critical  value 
f  the  discharge  current  is  exceeded,  is 
nversely  proportional  to  ^  j=  j  -  Dcrit 

Pig.2  )  and  is  almost  by  an  order  of 
agnitude  longer,  than  the  similar  period 
n  the  case  of  the  inert  gas  discharges, 
uch  a  prolonged  existence  of  the  current 
onduction  state  may  be  axplained  by 
esorption  of  the  plasma-forming  atoms 
rom  the  électrode  surfaces.  It  is  found, 
hat  the  spontaneous  arc  extinction  is 
ollowed  by  a  relaxation  period-  the  time 
eriod,  in  which  the  ignition  of  the  arc 
ischarge  doesn't  occur.  This  time  proves 
o  be  commensurable  with  the  time  of 
xistence  of  the  plasma  conduction  state. 
Urther,  it  is  found,  that  the  arc  extin- 
tion  is  preceded  by  the  apperience  of 
aasma  instability  and  the  development  of 
ilasma  oscillations. 

In  order  to  study  the  mechanism  of  the 
ipontaneous  arc  extinction  the  time  depen- 
lencies  of  the  luminosity  of  a  séries  of 
;sI,BaII  and  Bal  lines  were  obtained;  the 
.uminosities  of  ail  lines  investigated 
lere  measured  in  the  subcritical  (  points 
L  -  G  ),  critical  (  point  D  )  and  super- 
;ritical  (  point  E  )  discharge  modes,  as 
^ell  as  at  seven  points  across  the  inter- 
îlectrode  spacing  (  Pig.3  ). 

Recording  and  processing  of  the  expé- 
rimental data  were  performed  with  the  use 
)f  the  multichannel  measuring  and  calcu- 
Lational  System,  based  on  the  computer 


BESM  -  4  and  intended  for  the  investiga- 
tion of  non-stationary  periodic  processes, 
the  resolution  of  the  order  of  1j*sec 
being  provided.  Ail  the  analogue  signais 
were  being  strobed  simultaneously .  The 
recording  with  the  time  resolution  of  0.2 
itsec  was  being  performed  by  the  single- 
-channel  analogue  strobe-integrator .  For 
increasing  the  ratio  "signal-noise"  the 
numerical  averaging  in  the  computer  was 
employed  (  N=128  ).  The  synchronous  re- 
cording of  the  electrical  and  optical 
relationships  using  the  multi-channel  Sys- 
tem made  possible  to  reveal  the  time  shift 
between  thèse  relationships,  as  wTell  as 
between  optical  processes  at  différent 
points  of  the  interelectrode  spacing. 

To  détermine  the  value  of  the  time 
shift  the  corrélation  analysis  was  emplo- 
yed. The  corrélation  function 

K  =  1/n2l(fi(ti)-fi)(f2(*i-'^-^2^ 
i=i 

for  the  luminosity  relationships,  obtained 
for  the  Bair  line  (A  =7060A)  in  the  catho- 
de (  point  2  )  and  anode  (  point  6  )  régi- 
ons of  the  discharge,  is  presented  in 
Pig.4.  The  examination  of  the  corrélation 
method, being  applied  in  our  case,  showed, 
that  the  measurement  error  of  the  time 
shift  values  didn't  exceed      20%  of  the 
time  step,  i.e.  was  equal  to  0.2|^ec. 

The  results  of  data  processing  demon- 
strated,  within  the  accuracy  indicated 
above,  the  abs;efence  of  time  shifts  during 
the  oscillation  development  in  the  dis- 
charge modes  A  -  D.  It  means,  that  the 
olscillations  in  the  subcritical  mode  are 
n'ot  connected  with  the  propagation  of 
potential  waves,  potential  jumps  and  other 
disturbances  across  the  interelectrode 
spacing  and  are  accompanied  by  the  synchro- 
nous change  of  the  potential  at  ail  points 
in  the  spacing.  The  results,  obtained  in 
the  mode  E,  in  which  the  spontaneous  arc 
extinction  occurs,  are  différent.  As  is 
seen  from  Pig^5  and  6,  under  thèse  condi- 
tions the  processlis  non- synchronous 
throughout  the  spacing:  before  the  arc 
extinction  flashes  of  the  highly  excited 
Bal  and  Bail  lines  radiation  occur  in  the 
anode  région  by  3/i«'Sec  earlier,  than  in  the 
cathode  région,  which  is  due  to  the  abrupt 
change  of  the  plasma  potential.  The  spon- 
taneous arc  extinction  is  preceded  by  pre- 
paratory  processes  involving  atom  concen- 
tration depletion,  manifested  by  the  de- 
crease  of  luminosity  with  time. 

Prom  the  optical  measurements  it  may 
be  concluded,  that  the  oscillatory  pro- 
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cesses  in  the  subcritical  mode  occur  syn- 
chronously  at  ail  points  in  the  spacing; 
thèse  measurements  confirm  also  the  assûmp- 
tion  about  the  spontaneous  extinction  of 
the  high-current  low-pressure  dis charge 
being  due  to  the  atom  depletion  in  the 
spacing. 

Thus,  the  arc  extinction  in  the  triode, 
having  the  fine-mesh,  highly- transparent 
grid,  is  due  to  the  high  degree  of  atom 
ionization  and  to  the  escape  of  atoms  from 
the  spacing,  while  the  large  duration  of 
the  current  puise  is  determined  by  atom 
desorption  from  the  électrode  surfaces. 

LA 


Pig.l 


Critical  current  density  as 
a  function  of  césium  pressure 

1  -  experiment 

2  -  'theory 


Pxg.4  a  -  Time  dependence  of  the  Bal 
line         =  7060  A  )  luminosity 
at  the  points2  and  6  in  the 
spacing  (  mode  B  ) ,  ■ 
b  -  Corrélation  function. 


Fig.2 

Time  of  existence  of 
the  arc  discharge  as 
a  function  of  the 
subcritical  current 
density 
Pp^=  8-10"^  Torr 


2-10' 


-4 


Torr 


Pig.3 

Volt-ampere  characteristic  of'  the 
discharge  and  the  schematic  view 
of  the  interelectrode  spacing 

-3 


Tj^=l660K, 


1-  10  Torr, 
10~3  Torr 


'  1 — ^ 
J  ^ 

Pig.S 

Time  dependencies  of 
the  current  and 
luminosity  of  Ba  and 
Cs  lines  (  mode  E  ) ; 
the  points  chosen  are 
denoted  by 

  (point  2), 

-  -„-  (point  5);„ 
1,1^-CsI,A  =7279^: 
2,2^-Bar,  J^=5535A;o 
3,3^-BaII,A  =4934  A. 


Pig.6 

Time  dependencies  of 
the  current  and 
luminosity  of^BalI 
line  (A=4934  A  )  at 
various  points  of 
the  spacing  (mode  E) 
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CURRENT-VOLTAGE  CHARACTERISTIC  CF  NON-SELF-lMAINTAINED  DISCHARGE. 
J.I.  Londer. 

All-Vnion  Ëleotroteahnioal  Institute,  Mosaow  U.S.S.R. 


I,  The  analytical  expression  of  the  non- 
ielf-  maintained    current-voltage  charac- 
jriatic  is  obtained,  The  ion  current  flo- 
mg  into    cathode  sheath    from  plasma  is 
ipotant  factor  in  the  considered  model» 
lis  ion  current  was  not  taken  into  consi- 
jration  in  the  classical  Thomson» s  paper 
1/,  when  the  analogous  problem  was  solved 
1  paper  /2/  the  ion  current  from  plasma 
is  taken  into  considération  for  construc- 
Lon  of  probe  theory  in  non-self -maintain- 
l  discharge,  but  the  rate  of  ionization 
i  the  cathode  sheath  was  not  taken  into 
îcount. 

Let  us  consider  the  plane  System  of  el- 
îtrodes.  We'll  solve  équations  for  plas- 
î  and  cathode  sheath  separately  and  then 
îke  Join  of  solutions  on  the  plasma- 
sheath  boxindary. 

2,  The  équations  for  plasma  région  are 
Lven  by: 


--enAE  *e^e 


drie 


(1) 


(2) 


Here  ^  is  the  rate  of  ionization  created 
y  external  source,  is  the  effective 

ecombination  coefficient.  Index    k  de- 
ends  on  the  type  of  the  recombination. 
e»ll    consider  the  cases  when    ic=2  and  1. 
Take  the  origin  of  coordinates  at  the 
lasma-sheath  boundary  and  introduce  non- 
Imensional  concentration  N  and  nondimen- 
ional  length  y: 


Vu  V 


(5) 


Here       is  ambipolar  diffusion  coeffici- 


ent,       is  the  recombination  length, 
is  unperturbed  plasma  concentration, From 
(1)  and  (2),  taking  into  account  (5),  we 
get:  n 


N 
N 


(6) 


(7) 


Here  ^J'jJ^nJ^+ê^  is  the  electric  field 
in  plasma  far  from  boundary.  Integrating 
(7),  we  can  obtain  the  potential  drop  on 
the  plasma. 
WL-xHj^ùtN-U  f^'M;'  (9a) 


(9b) 


Here  L  is  the  anode-cathode  distance,  Xq 
is  the  cathode  sheath  thickness,  is 
the  concentration  on  the  plasma-sheath 
boundary, 

5.  If  the  heat  energy  of  électrons  is 
far  less  than  the  cathode  drop,  then  él- 
ectrons will  be  found  in  the  sheath  in 
the  strong  répulsive  field  and  n^»  n^ 
on  the  whole  sheath  except  narrow  région 
near  plasma-sheath  boundary.  Therefore 
we  can  neglect  n^  in  comparison  with  n^ 
in  Poisson' s  équation  for  sheath.  The 
distribution  of  the  field  and  n^^  must  be 
determined  from  joint  solution  of  équa- 
tions: 

with  boundary  condition  o^(Xq)  =  (1+^)  ''j^ 
^  is  the  secondary  émission  coefficient 
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under  bombardment  of  the  cathode  by  ions. 
The  solutions  must  be  joined  at  the 
plasma-sheath  boundary.  So,  joining  deri- 
vative  of  the  field,  we  obtain  algebraic 
équation  for  ion  concentration  at  the  bo- 
undary (Njj): 


(13b) 


(H-.2) 

Substituting  the  value  N^,  found  from 
(13),  in  (6)  and  (7)  we  obtain  values  of 
ion  current       and  electric  field  E^^  on 
the  plasma-sheath  boundary.  Thèse  values 

and       will  be  boundary  conditions  for 
équations  (10)-(12),  Introducing  nondi- 
mensional  field  z=EAq,  nondimensional 
coordinate  t=1+eqx/jQ  and  nondimensional 
parameter  8  -^^^j^^^Jf^i  we  integrate 
(10)-(11)î  ^ 

Now  we  can  find  the  cathode  drop  V  : 

Substituting  (14)  in  (16)  we  obtain  équa- 
tion of  the  current-voltage  characteris- 
tic  of  the  cathode  sheath. 


ê 


(17) 

The  behaviour  of  the  expression  (17)  dé- 
pends greatly  upon  the  value  ê  .  By  means 
of  (6)  and  (7)  it  can  be  obtained  that: 

The  value  of  parameter  a    is  less  or 
about  1  in  electropositive  gases  at  the 
pressures  up  to  several  atmosphères. Under 
this  condition  it  can  be  neglected  loga- 
rithmic  term  in  expression  (17).    In  ele- 
ctronegative  gases,  beoause  of  strong  at- 
tachment  of  électrons,  the  parameter  8 
can  become  muoh  larger  than  1.  In  this 
case  it  cann»t  be  neglected  logarithmlc 
term  in  (17).  However,  there  are  two  li- 
mits,  when  (17)  can  be  simplified  Inde- 


(19) 


pendently  of  k.  The  first  limit  takes  pie 
ce  if: 

W»  n.ax/7;<^^7 
The  second  limit  takes  place  if: 

(t^^-1)«  min[/;ê^]  (20) 
Prom  (17)  and  (14)  we  obtain  for  cathode 
drop  and  electric  field  E^  near  catho 
de:  if  the  criterion  (19)  is  carried  out 
then  known  expressions  take  place  /1/: 

If  the  criterion  (20)  is  carried  out, 
then  we  have: 

4.  Using  (6),  (15)  and  (15)  we  can  ob- 
tain: ^ 

One  can  see  from  (23),  that  there  are 
two  characteristic  lengths  x^  and  ^/^' 
of  forming  current  in  considered  model, 
Under  x^»^^A/^the  discharge  current  is 
formed  mainly  in  the  cathode  sheath  régi- 
on, and  under  x^'£<Z^A/the  characteristic 
length  of  forming  current  is^A/'',In  the 
first  case  t^^^^^^»  1  and  criterion  (19) 
can  bç  carried  out;  in  the  second  case 
(tjiiax"'')^'^  1  and  criterion  (20)  can  be 
carried  out.  If  criterion  (19)  takes 
place,  then  transition  région  with  length 
^/l^'  can  be  neglected  and  the  sheath  can 
be  joined  with  plasma  without  considéra- 
tion 3^  and  E^,  that  was  made  in  /I/.  If 
criterion  (20)  is  carried  out,  ionization 
in  the  cathode  sheath  can  be  neglected  in 
comparison  with  ionization  on  the  length 
^/l^',  that  was  made  in  /2/.  And  gênerai 
expression  (17)  must  be  used  for  deter- 
raining       in  the  intermediate  case  when 
the  values  x^  and  have  the  same  or- 

der  of  magnitude, 

The  author  thanks  K.N.Ulyanov  for 
useful  discussions. 
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HE  PECULIARITIES  OF  THE  DIFFUSION  PROCESSES  IN  THE  ELECTRONEGATIVE  CAS  PLASMA 
G.G.  Arutunian,  G. A.  Galechian. 

Jerevan  State  University ,  Research  Instituts  of  the  Condensed  médium  Physios. 


The  dependence  of  the  ambipolar  dif- 
ision  coefficients  of  the  charged  partie- 
ls .  ni  and  in  the  electronegative 
as  discharges  on  0^  =  n./ng  iY)_,  are 
îgative  ion  and  électron  concentrations  ) 
ce  considered  in  [l]  -  [ï]  -  It  ^^^^^d 
xt  in  [i]   that  has  only  positive  va- 

lies  and  slightly  changes  by  exchange  ci 
rom  10"^  till  10""^.  But  it  is  shown  in 
2]  that        is  négative  and  the    H,  flow 
n  the  cylindric  positive  column  is  direc- 
ed  from  the  walls  of  the  tube  to  its  axis. 

This  paper  states  t  lat  depending  on 
he  conditions  in  the  discharge         may  be 
legative,  positive  or  eijual  to  zéro.  Besi- 
les,  when         <0,  the  négative  ion  flow 
îan  be  directed  both  from  the  plasma 
îolunrn  axis  and  the  oppositive  direction 
[depending  on  the  direction  of  the  D.-gra- 
iient)  as  it  is  known  that  the  D.-distri- 


iO'    10'     1      iO      10'     W'     10"  oL 


bution  along  the  radius  may  be  both  para- 
bolic  (^n_<0    )  and  two-humped  [5  ,6] 
(  7rî_>0   in  "the  near  axis  région).  The 
diffusion  flow  of  charges  in  stationary 
electronegative  gas  plasma  is  written  as 
follows  : 

i:  =  -D.vn.-yM-n.Et 

Where  P    is  "the  particle  flow  density;y^ 
is  the  mobility;   j^t  is  charge  self  consis- 
tent field;  D  is  diffusion. 
Lefs  take  y=7^y71  =  7i/7V=7ê/T9.  The 
conditions  of  the  flow  Ç|.uasineutrality  and 
eq^uality  are  written  as  follows  : /9^.=ng'+ H. 

Having  in  view  that  —  D_  from  (l)-(3) 
we  obtain: 

E-,U)_  U^*lt*t 
£,(0)  i*M/*t*n*'>)fi,l^t 

VA 


Fij.2 
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WHen^^<s:^^      and  A1^-/W_ 

Where    £^C^j     is  the  ambipolar  field 
with    0^=^    .  From  the  diagrams  of  Fig.l 
it  follows  that  the  ratio  ExM/Ex{0) 
in  the  interval    iO'^      <Ji^  ^  ~10 
is  equal  to  1,  and  for  1  -  lO^c^élO^  +  lo"^ 
this  ratio  aharply  decreasesi  and  tends  to 
zéro.  The  ambipolar  diffusion  field  per^ 
turbation  increases  with  the  rise  of  E/P 
within  the  interval  1  r  lO^oC^lO^  +  lo"^ 
for  the  given   o(    .  For  Boltzmann  distri- 
bution of  ion  concentration  in  the  di- 
scharge (obtained  experimentally  in  [l^  ) 
one  may  write: 

From  the  conditions  of  the  quasineutrali- 
ty  and  flow  equality,   (l)-(6),  we  obtain 
for  the  ion  flow  mean  velocities: 

Fig.2  shows  the  diagrams  of  Vi./V  for 
différent /dépendent  on  o6  and  calculated 
according  to  the  (7).  The  curves  of  fig.l 
and  fig.2  are  calculated  for  oxigen .  From 
thèse  diagrams  it  follows:  1 )  V  /V  =0, 
when    o(=ro(o    ;  2)  V_/V_^  <  0,  when  o(<0<», 
i.e.  n_  -  flow  is  directed  to  the  positi- 
ve column  axis;  3)  V >  0,  when  o<>o(,, 
i.e.  n.flow  is  directed  to  the  tube 's 
wall.  For  o<  >  10  and  y  =30,  V_A-/  and 


in  case  a<>10,    V.yW,  VV/f^. 


From 


fl  )- 

,(3). (6) 

we  obtain 

w 

15 

5 

0 

-5 

IfÔ-'lû-'  10 

"  1     10  / 

/yio'  10*  cL 

-10 

-a? 

iO"lO"iO"i  10' 10' 10' iO'  cc 

Fig.3 


Pig.3  shows  D^/D^,  dJ/D^  dépendent  on  <>(  ; 
the  case  È/p  =  y^^j^^^^correspond  to  the 
curves  1,  4;  ^P=30  N^-tOt-to  the  curves 

•tOT-  to  the  curves  3.6. 
Fig.4  shows  the  dependences  of  "D^/D  and 
Df/D^  ono^  ;  the  case  F/P=  4^ »/c/».<Ot  cor- 
respond to  the  curves  1 ,  6  ;f/jpsJ(^^/c/W•^0^'_ 
to  the  curves  2, 5  ;£yPr2^?v/cm  tot    _  to 
the  curves  3,4.  Por    o(  ^  0,4,        =  , 
like  a  discharge  in  the  electropositive 
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NOMALOUS  CONDUCTIVITY  OF  LOW  PRESSURE  HF  DISCHARGE  IN  MAGNETIC  FIELD 


V.G.  Naumovets,  L.L.  Pasechnik  and  V.V.  Yagola. 

Institute  for  Nualear  Research  Ukrainian  SSR 

It  wae  established  previousiy  /I/  that  in 
he  HP  diBCharge  the  superposition  of  the 
agnetic  field  H  normal  to  the  alterna- 
ing  electric  field  E  results  in  a  redi- 
tribution  of  HP  voltage  between  the 
heath  and  plasma.  Due  to  this  the  déc- 
rie field  in  the  plasma  substantially 
ncreses.  Purther  investigations  /2/  ha- 
e  shown  that  the  electric  field  E  has  a 
laximum  at  some  value  of  H,  the  position 
if  the  maximum  being  dépendent  on  the 
iressure.  This  dependence  was  explained 
)y  the  différent  influence  of  H  on  the 
ionductivity  of  the  plasma  -  6p     and  of 
;he  sheath  -  G^f,  .  The  calculation  perfor- 
ned  agrée  reasonably  with  the  expérimen- 
tal dependence  E(H).  At  high  magnetic  fi- 
îlds,  however,  there  exists  some  discre- 
[>ancy  between  the  measured  and  calcula- 
ted  values  of  B.  The  expérimental  data 


of  Saienaes  Kiev,  U.S.S.R. 

obtained  at  two  pressures  P  of  hélium 
are  presented  in  fig.1  by  the  points  (a- 
P  =  2.10*2  ^         b-  P  »  1.10"''mm  HG).The 
measurements  were  performed  with  the  ap- 
paratures  described  in  /1,2/.  The  E(H)  - 
dependences  calculated  according  to  /2/ 
are  given  in  fig.l  by  solid  lines.  At 
the  high  magnetic  fields  thèse  dependen- 
ces are  in  poor  agreement  with  the  expé- 
rimental data,  the  discrepancy  being  es- 
pecially  pronounced  at  the  low  pressures. 
The  agreement  between  the  expérimental 
and  calculated  data  can  be  signif icantly 
improved  if  one  assumes  at  high  H  that 
the  collision  frequency  of  electeons  -  V  ♦ 
determining  the  value  of  S    is  essenti- 
ally  highér  than  the  classical  frequency 
)ia=2,3.10^P  /3/.  The  value  of  V'  can  be 
determined  from  the  measurements  of  the 
phase  shift  -(p  between  the  discharge  HP 
voltage  and  the  current  in  the  discharge 
circuit.  An  analysis  of  the  équivalent 
circuit  of  the  discharge  gap  (plasma  - 
sheath)  gives  for  (P  : 

(       and  6'x   -correspondingly  the  active 
and  reactive  components  of  the  plasma 
conductivity  across  H,  6^/,  -the  sheath  con- 
ductivity).  In  our  experiments  the  élec- 
tron cyclotron  frequency  6l>ne  is  raach.  hig- 
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her  than  the  frequencies  of  electron- 
atom  and  ion-atom  colliaions,  Vec  and  , 
and  the  frequency  of  altemate  electric 
field  -  a)  .  Besides  in  our  experiment  the 
inequality  is  also  fulfilled  E«Ep,were 
Ep-the  spécifie  "plasma  fieldV4/.  Under 
theae  conditions  S'a    and    6x   are  ex- 
pressed  as:  ,  i 

(e  and       are  the  electaron  charge  and 
mass,  n  is  the  concentration  of  the  char- 
ges in  the  plasma,  m^  is  the  ion  mass). 
At  high  H  we  have  usually  in  our  expéri- 
menta /6x|»  6)?  .  Then  the  expression  (1) 
can  be  simplified  as  follows: 

As  can  be  seen  from  (2)   ip    is  determined 
mainjy  by  V  .  The  dependence  (f  (H)  which 
is  obtained  experimentally  (curve  1)  and 
calculated  according  to  (1)  under  assum- 
ption  that  y=  Veo      (curve  2)  is  shown  in 
fig.2.  The  discrepancy  between  the  measu- 
red  and  calculated  Cp    at  high  H  can  be 
eliminated  by  inserting  instead  of  V  some 
effective  frequency  Vefj  depending  on  H. 
The  values  of  i4//  obtained  by  substitu- 
ting  the  measured  phase  shifts    (f  into 

9' 


0        2Ô0      4ÔS      6Ô0      8ÔÎ      H,  Oe 
Pig.2  (o  -  P  »  4.10~2mm  HG). 


200       400      600  H,  Oe 

Pig.3  (0  -  P  o  A.lO'^ma  HG), 

(1)  and  (2)  are  presented  in  fig.3  (curve 
1).  The  calculations  using    ]^e0   allow  to 
describe  correctly  the  behaviour  of  E(H) 
in  the  région  of  the  high  H  (fig. 1,dashed 
curve).  An  analysis  shows  that  the  signi- 
ficant  increase  of  P    can  be  due  to  the 
exitation  of  small-scale  ion-sound  oscil- 
lations on  which  the  intense  scattering 
of  the  évaluation  of  l4//  according  to  /5/ 
is  shown  in  fig.3  (curve  2). 
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T_ECTRON  ENERGY  DISTRIBUTION  FUNCTION  AND  ATOM  lONIZATION  PROCESSES 
N  mCH  FREQUENCY  DISCHARGE  MERCURY-ARGON  PLASMA 

S.D.  Wagner,  I.S.  Nisconen. 

Karelian  Pedagogiaal  Institute  Petrozavodsk  U.S.S.R. 


This  papor  prese^nts  the  résulte  of 
îlectron  energy  distribution  function 
[ïïEDP)  measurements  and  calculations . 

El^DF  were  measured  by  dif f erentiating 
the  probe  currents  by  a  radio  method/1/. 
Che  probe  System  consisted  of  a  cylindri- 
;al  probe  which  could  be  noved  across  the 
tube  radius  and  a  large  area  antiprobe 
placed  on  the  tube  surface.  The  whole  sy- 
ste'T.  was  placcd  in  the  central  part  of 
the  discharge  tube  of  radius  U-  min.  Vol- 
tage at  2'c  TvlHz  was  fed  to  external  élec- 
trodes 2C  cm  apart  from  a  generator  with 
a  symmetrical  output.  Ivieasureraents  were 
raade  at  mercury  vapor  pressure  2'10"^Torr, 
argon  pressure  0.0?  and  0.?  '^orr  and  tube 
current  100  niA.. 

The  neasured  .'JLDF  differ  from  Ivlax-well 
functions  of  the  same  mea-i  energ;/  by  a 
depletion  of  high  energy  électrons.  Ac- 
ross the  tube  radius  the  EiiDF  does  not 
change  narkedly,  the  mean  électron  energy 
decreases  about  tv/o  tines  v/hen  the  argon 
pressure  is  raised  from  0.05  to  0.5  Torr. 

For  calculating  the  l'IEDP  the  total 
energy  interval  was  divided  into  three 
régions:   the  région  with  énergies  lower 
than  the  first  mercury  excitation  poten- 
tiàl,  the  région  from  the  first  mercury 
excitation  potential  to  the  first  argon 
excitation  potential  and  the  région  high- 
er  than  the  first  argon  excitation  poten- 
tial. Estimations  of  characteristic  fre- 
quencisB  of  électron  energy  losses  were 
made  for  ail  thèse  régions.  In  the  first 
région  energy  losses  take  place  mainly  by 
el9.stic  collisions  between  électrons  and 


argon  atoms.  In  the  second  région  unelas- 
tic  collisions  between  électrons  and  mer- 
cury atoms  are  essential  too.  In  the 
third  région  only  unelastic  collisions 
between  électrons  and  argon  atoms  are 
essential.  In  ail  cases  electron-electron 
interaction  is  negligible.  A  kinetic 
équation  was  worked  out  for  every  case. 
The  équations  were  time-averaged/2/.  The 
unlocal  character  of  the  ZJPP  was  taken 
into  account  too/3/.  By  solving  the  kine- 
tic équations  the  following  li^PF  were  re - 
cieved  for  each  région  respectively: 

t(e)=G--F6-e)e  -De  (o, 
t(e)=AVxicos^HK^(cès2)dz  (3), 

where  W  -  électron  energy,  Wj  -  mercury 
atom  excitation  energy(4,9  eV) ,  W2  -  ar- 
r-on  atom  excitation  energy  (  11  ,  5eV)  , 

elastic  collisions  betv/een  électrons  and 
argon  atoms  at  6=1     >  ^'''1/4  ~  KacDonald 
function,  Eq  -  amplitude  value  of  high 
frequency  f ield  strength,  6     , m    ,  V  - 
électron  charge,  mass  and  velocity,  ji  - 
coefficient  in  the  approximation  for  the 
radial  potential  JP  (x)  in  the  central  ré- 
gion of  the    ecp(t)=^(-^)^      ,  Vo         ^  - 
coefficients  in  the  approximations  for 
the  frequencies  of  unelastic  and  elastic 
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collisions  between  électrons  and  ar^jon 
atoms   >la  =  Vo(W-Wa)  ,V=gp2V^  , 

Pj    and  -  pressures  of  mercury  and 

argon  respectively ,  C  =  lO^WÇj (— )"*  . 

The  coefficients  G  ,  A  ,  h  D  %nd 
F  are  deternined  from  the  normalizing 
condition  and  the  joining  conditions  of 
the  L'EDP  and  its  dérivât ive  on  the  boun- 
daries  of  the  defined  régions. 

Constants  needed  for  calculations  were 
taken  from  the  monograph/4/. 

Pig.  1   and  2  présent  the  rneasured  and 
calculated  L'KDP.  The  expérimental  func- 
tion  at  argon  pressure  0.3  Torr  is  in 
accordance  with  the  calculated  function 
Eo/Pg^'l-  V/cn-Torr  and  at  0.05  Torr  -  with 
the  function  ..^/?  =20  V/cm-Torr. 


0  0.5  1,0  £ 

Pig.1.  P^=2'10~4  Torr,  P2=0.5  Torr, 
calculation:  1  -  2o/T^=2  V/cm.Torr, 
2  -  4,  3  -  o;  experiment  -  o  . 


0.5 

r.-4 


1.0 


Pig.  2.  P^=2-10  4  Torr,  P2=0.0f.  Torr. 
calculation:  1  -  Eo/P2=10  V/cm^Torr, 
2  -  20,  3  -  40;  experiment  -  o  . 


Measured  .vJPP  were  used  for  determin- 
ing  the  rôle  of  différent  ionization 
processes  in  the  plasma.  The  rates  of  di- 
rect ionization  of  mercury(Zj),  stepwize 
ionization  of  mei'cury (Z^  )   and  argonCZ^)  , 
ionization  of  mercury  b;'  the  Penning  ef- 
fect(Zp)  were  calculated.  As  ail  the  Li:,DP 
are  in  the  région  v/hich  is  lower  than  tlie 
direct  ionization  threShold  of  argon 
ionization  by  this  process  was  not  calcu- 
lated. Calculations  of  stepwize  ioniza- 
tion procosf-es  and  ionization  oy  Per:r.in-: 
effect  were  made  using  the  populations  of 
the  low  excited  levels  of  mercury  and  ar- 
gon, which  were  determined  by  the  reab- 
sorption method.  The  table  gives   the  re- 
sults  of  calculations  for  a  unit  length 
of  the  tube. 


^2  •  "^1 

Torr  : 

0.05  :  2.8 

0.5  :  0.4 


"1 


0.04 
0.01 


7.5 
5.1 


4.0 


15.2 

9.5 


7.5 
f  .3 


The  most  important  processes  are  step- 
wize ionization  of  argon  and  ionization 
of  mercury  Ly  the  Penning  effect.  A  com.- 
parance  of  the  snmjnarized   j  onization  (Z,) 
with  the  value  determined  by  the  tube 
wa],  1   current  densi  ty  (Z,.,)  was  m.ade.  The 
r.-sultp  differ  no  :norn  than  a  factor  of 
1.5  -  2. 
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HE  SEPARATION  OF  ISOTOPES  OF  NOBLE  GASES  IN  STATIONARY 
ÎgH  FREQUENCY  DISCHARGE  WITH  TRAVELLING  MAGNETIC  FIELD 

E.F.  Gorbunova,  A.N.  Ezubchenko,  A.I.  Karchevsky  and  Vu.  A.  Muromkir 
I.V.  Kurchatov  Institute  of  Atomia  Energy,  Moscou),  U.S.S.R. 


Several  papers  are  devoted  to  ' 

research  of  séparation  properties  of 
tiigh  frequency  discharge  with  travelling 
magnetic  field.  It  is  shown,  that  the 
discharge  of  such  a  kind  is  able  to  sepa- 
rate  isotopes  and  gas  mixtures.  The  sépa- 
ration of  gas  mixtures  is  connected  in 
the  first  of  ail,  with  différent  ioniza- 
tion  degree  of  components.  The  mechanism 
of  isotope  séparation  has  not  been  clea- 
red  up  fully  yet.As  probable  causes  of 
isotope  séparation  the  processes  of  baro- 
diffusion and  thermodiffusion  were  poin- 
ted  out.  It  is  proposed  /2/,that  the  ob- 
served  isotope  séparation  is  connected 
with  thermodiffusion  in  the  neutral  plas- 
ma component.  The  référence  to  the  baro- 
diffusion séparation  mechanism  is  suppor- 
ted  by  the  fact  that  in  some  conditions 
/l,3/  the  coïncidence  of  the  measured 
enrichment  coefficient  £  with  the  calcu- 
lated  one  according  to  the  formula 

where  and  are 


ssures  on  the  < 


pressures  on  the  ends  of  the  discharge 
chamber,  JH-  is  atomic  weight.  It  was 
expédient  to  find  out  how  widely  such 
simple  regularity  of  isotope  séparation 
effect  in  plasma  takes  place.  Aiming  at 
this  the  comparative  investigation  of 
isotope  séparation  of  three  gases,which 
considerably  differ  in  their  atomic 
weight:  xénon,  krypton  and  neon,  was 
carried  out. 

The  scheme  of  the  apparatus  is 
shown  in  Fig.1.  The  discharge  was  exited 
in  the  water-cooled  quartz  chamber  (1) 
110cm  long  and  with  the  6,5cm  in  diamet- 


ôampie 


Fig.1.  Expérimental  arrangement 
er.  The  discharge  chamber  was  placed  in 
the  solenoid  of  the  delay  line  (2),which 
consisted  of  50  cells.  The  length  of  the 
solenoid  was  85cm. The  phase  velocity  of 
the  wave     l^^i,  =  5  ^9  '  iO^  , 
frequency    f  =  SO -i-^SO kWz'  ^he  amplitude 
of  H^-coiiipoï^®-'^*  of  the  magnetic  field  on 
the  axis  of  the  solenoid  at  varieng  the 
generator  frequency  in  the  above  mentio- 
ned  range  decreased  from  100  to  20  .The 
power  dissipât ed  in  the  discharge  was 
2  ♦  14  kw. 

The  interaction  of  the  travelling 
wave  with  plasma  results  in  the  appearan- 
ce  of  the  pressure  différence  ^P=f^-P^ 
in  the  closed-ended  chamber.  The  value 
of  A  P  is  in  a  good  agreement  with  the 

j^p  _      ^  (w'-dissipated 
sJ^sec^i 


formula: 

power,    5  -  crosi^sec^ion  of  the  chamber) 
In  the  experiments  the  value  of    a  P 
reached   2, 5  • -fO"  m  the  discharges 

with  the  same  value  of  aP  the  relation 
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can  differ  greatly,  depending  on  the 
initial  pressure  p,  and  gas  température. 
Atp  constant   R    the  change  of  the  value  of 

is  realized  by  means  of  changing  the 
magnitude  of  the  travelling  magnetic  field 
and,  in  accordance,  the  power  dissipated 
in  plasma.  The  maximum  values  of 
under  which  the  measurements  of  isotope 
séparation  effect  were  made,  were  for  the 
discharge  in  xénon  -  140, for  the  dischar- 
ge in  krypton  -  40,  for  the  discharge  in 
neon  -  5  (stable  discharge  in  neon  was 
exited  only  under  higher  initial  pressures 
than  in  xénon  and  kryptoijl.The  minimum 
values  of  (Po=2^^H3). 


6.. 


10' 


Fig.2.  Krypton  enrichment  coefficient 
versus    initial  pressure 


10 


10- 


Pig.3.  Neon  enrichment  coefficient  and 
dissipated  power  versus  initial 
pressure  =  ^60  icHe 


In  Fig.2,3  the  dependences  of 
enrichment  coefficients  £,  on  the  initi- 
al pressure  I^T  and       are  shown.  For 
comparison  the  values  of  £  calculated  by 
the  formula   £  =-1  {^i,  ^     are  sûown  ia 
the  figures  in  dotted  lines  (the  values 
of   P2  and  Pi    experimentally  measured 
are  used).The  experiments  show.that  the 
quantitative  coïncidence  of  the  observed 
isotope  séparation  effect  with  the  effect 
characteristic  of  barodiffusion  in  non- 
ionized  gas,takes  place  only  under  some 
initial  pressures.Œhe  effect  described 
above  can  be  larger  as  well  as  smaller 
than  the  barodiffusion  one.The  last  is 
noticable  in^the  discharge  in  neon, 

P,  <  3-iO*mmW^  (î'lg.3),and  in  the  dis- 
charge in  xénon, when  the  value  of 

For  clearing  up  the  contribution  of 
thermodiffusion  in  isotope  séparation  ef- 
fect a  cooled  quartz  tube  with  the  12mm- 
diametre  was  placed  on  the  axis  of  the 
discharge.  In  the  tube  présence  the  ef- 
fect decreased  for  3©4-50  percents.  But 
such  experiments  do  not  make  it  possible 
to  estimate  quantitatively  the  contribu- 
tion of  thermodiffusion.  As  the  circula- 
tion of  gas  in  the  discharge  is  caused 
only  by  the  radial  non-unif ormity  of  the 
acting  force, the  characteristic s  of  the 
circulating  flows,in  the  first  approach, 
do  not  dépend  on  the  relatively  small 
diamètre  tube  being  on  the  axis. 

The  absence  of  the  quantity  estima^ 
tion  of  thermodiffusion  influence  hasn't 
made  it  possible  to  distinguish  "pure" 
plasma  isotope  séparation  effect. 
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"MASS-DFFUSION"  MECHANISM  OF  ISOTOPE  SEPARATION  IN  GASEOUS 
DISCHARGE  SYSTEM  WITH  TRAVELLING  MAGNETIC  FIELD 


A.I.  Karchevsky,  E.P.  Potanin. 

I.V,  Kurohatov  Instituts  of  Atomia  Energy,  Moscou,  U.S.S.R. 


The  possibility  of  isotope  enrich- 
aent  in  discharge  system  with  travelling 
ûagnetic  field  was  researched  in  diffé- 
rent papers  .  The  séparation  appara- 
tus  is  a  long  closed-ended  cylinder,along 
the  axis  of  which  the  travelling  magnetic 
lïave  propagates.  H.F.-electromagnetic 
field  of  the  wave  makes  the  ionization  of 
the  mixture  and  its  accélération  in  the 
iirection  of  the  axis.  As  a  resuit  a  lon- 
gitudinal gradient  of  pressure  appe- 
ares  and  the  séparation  effect  takes  pla- 
ce, which  consists  in  weighting  of  the 
mixture  in  the  area  of  higher  pressure 
and  its  lightening  in  the  zone  of  lower 
pressure.  The  value  of  the  experimentally 
measured  effect  in  a  complicated  way  dé- 
pends on  the  parameters  of  the  discharge 
and  sort  of  gas.  For  exaiirole,  in  case  of 
isotope  mixture    Xe''^- Ye'^^  /V  dependen- 
ce  of  the  enrichment  coefficient  of  mass 
différence  per  unit  within  the  range  ini- 
tial pressures    P^  =  /0''^/û%tz        in  a 
good  agreement  with  the  known  harodiffusi- 
on  corrélation  /  M-/ 

where  and    Po  -  pressures  of  the 

mixture  in  the  areas  of  high  and  low  pre- 
ssure, m.  -  averaged  molecular  weight.At 
the  same  for  the  Kz,  isotope  mixture  the 
expérimental  6  values  cannot  be  descri- 
bed  by  (1),  though  their  proportion  to 
the  value     ùi  3i     is  preserved: 

where  C  is  constant  ^ 

It  should  be  noted  that  only  in  case 
of  Inertial  field  of  forces  the  treatment 
of  equilibrium  séparation  effect  gives 
the  corrélation  (1).  As  in  the  above  men- 
tioned  H. F. -system  the  séparation  process 
is  not  caused  by  the  inertial  forces  and 
the  researched  diffusion  phenomenon  can- 
not be  described  by  the  corrélation  (1) 

In  /2/  ,  the  explanation  of  the 
measured  effects  of  enrichment  on  the 
basls  of  the  mechanism  was  proposed.  The 
mechanism  is  connected  with  the  trans- 
formation of  radial  termodif fusion  effect 
into  longitudinal  one  due  to  circulating 


plasma  flows.  It  was  shown  that  termodi- 
ffusion  should  play  the  most  important 
rôle  for  relatively  high  pressures 
iP>Oito'c^)   ,  when  the  value  of  circula- 
tion due  to  radial  inhomogenity  of 
electromagnetic  volume  force        ^  = 
Z-^^        is  enough  for  effective 
transportât ion  of  components  in  the  direc- 
tion of  the  axis.  For  the  low  initiai 
densities     f Po  =  /O'^  ^  lO^to'c'c) 
and  remarkable  electromagnetic  influence 
on  the  plasma  which  causes  the  appearance 
in  the  discharge  the  zones  of  high  and 
low  pressures  with  différent  chajîacteris- 
tics  of  ionization  and  recombination 
processes,  there  should  be  discharge 
with  intensive  longitudinal  flow  of  char- 
ge particles  similar  to  radial  ambipolar 
diffusion  one  in  dc-discharge.  The  difie- 
rence  in  the  value  of  friction  forces 
which  act  on  the  neutral  components  of 
isotope  mixture  from  the  side  of  iones 
shall  bring  the  séparation  process, 
which  is  in  its  character  similar  to 
mass-diffusion  effect   /5i&/  •     .   .  ^ 
For  the  estimation  of  coefficient 
of  binar  isotope  mixture  enrichment 
which  is  caused  by  the  proposed  mecha- 
nism we»ll    use  multicomponent  hydrody- 
namic  approximation.  The  momentum 
balance  for  each  components  of  weakly 
ionized  plasma  (the  charge  of  iones  is 
one)  through  averaged  for  period  values 
is  given  by  /  6  /  : 


43 -nM^,('^^*'^Ztk^3^iy+^r'^<.'^'''^^^^ 
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where   Ë^.    -  longitudinal  electric  field 
in  plasma;     2^    -  longitudinal  projecti- 
on of  macroscopic  velocity  of  i-compo- 
nent,  -  amplitude  value  of  macro- 

scopic velocity  of  charged  i-sort  partic- 
le  in  the  direction  of  external  electric 
field;    /Zc    -density  of  i-sort  particles; 

Pt-    -partial  i-component  pressure;  o^i/ 
and    oif/     -coefficients  characterizing 
momentum  exange  due  to  particle  collisi- 
on. Index    e    réfères  to  électrons,  f 
and    2    -  to  ions,  J    and    9   -  to 
neutrals  of  t>oth  sorts  relatively.  Thus, 
the  elastic  scattering  ion  on  atoms  as 
well  as  the  process  of  charge  -  exchange 
is  taken  into  account  for  description  of 
friction  force  of  ions  with  neutrals  of 
the  same  gas.  Using  the  condition  of 
absence  of  heavy  particle  flow  of  each 
sort  in    i    direction  in  the  steady 
state  as  well  as  taking  into  account  the  • 
fact  that  in  usual  h.f .  dischages  élect- 
ron température    (  Te.)     is  considerably 
higher  the  ion  température  (T,)    ,  we  get 
the  corrélation  for  enrichment  coeffici- 
ent 


S  = 


I 


where  and  .  <^<?    -  pressures  of 

neutral  gas  in  high  and  low  pressure 
areas,  and  -  diffusion  elastic 

cross  section  ion  and  neutral  atoms 
scattering,     cj?*  -  charge-exchange  cross 
section.    If  il'  «  ^      ^  in  the 

range  of  moderate  values  of  out  of 

(4)  we  shall  get  P 

^  -  TE  y  '  (5) 

where     ^f"'^i.~^o     %    P   -  average 
pressure  in  discharge.  It  should  be 
noted  that  équation  (5)  coinsides  with 
the  experimentally  measured  dependence 
(2)  in  the  range  of  moderate  pressure 
différence    £^p  . 

But,  for  estimât ing  of  quantitative 
agreement  of  the  experiments  and  theory, 
data  about  the  sections  Qi  ,  Q*  and 
Qn.  and  plasma  parameters  in  each  conc- 
rète case  are  necessary.  Considering, 
for  example,  the  average  particle  density 
in  the  chamber  ^  ^^^z/  _l  , 

the  électron  density  >,      7' ^^o  / 

we  get      c  c=  qe. 
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HE  DYNAMICS  OF  A  HIGH-FREQUENCY  DISCHARGE  IN  A  WAVE  BEAM 
V.B.  Gil'denburg,  A.G.  Litvak  and  A.D.  Yunakovsky. 

Applied  Physias  Institute,  Aaademy  of  Sciences  of  the  U.S.S.R.,  Gorky-U^. 


One  of  the  important  problème  in  the 
heory  of  a  high-frequency  diecharge  in 
lectromagnetic  wave  beams  (optical   [l]  , 
ubmillimeter     [2]    and  rf     [3]  bande)  ie 
he  study  of  oelf-coneietent  plaema-field 
volution  at  the  firet  af terbreakdown  eta- 
ee  characterized  by  high  électron  tempe- 
ature  (T^  >  10^"*K)  and  low  heavy  parti- 
le  température  {'S^'^  300OK).  In  the  pre- 
ent  paper  the  computer  simulation  résulte 
or  the  dynamice  of  such  a  nonequilibrium 
ischarge  in  a  converging  wave  beam  are 
iven.  The  analogous  problem  for  a  diver- 
ing  beam  was  solved  in  [4]  • 

The  ionization  by  an  électron  impact 
with  frequency    \)-^     )  and  attachment  to 
loleculee  (with  frequency  )  were  aa- 

lumed  to  be  the  main  proceases  reoponsible 
or  électron  balance.  The  frequency  dif- 
erence  was  considered  as  the  gi- 

■en  function  of  the  field  amplitude 

Here     ^     =  const;        is  the  breakdown  am- 
plitude.  The  plasma  diffusion  was  assumed 
unessential  for  the  discharge  scales  as 
a  whole  but  strong  enough  to  suppress 
small-scale  ionization  instability  [ô]  • 
Under  thèse  assimptions  the  electric  ba- 
lance équation 


was  solved  together  with  the  peirabolic 
équation  for  a  "slow"  field  amplitude  of 
the  axisymmetric  paraxial  beam 

Equations  (2),  (3)  are  written  in  dimen- 
sionless  variables:  ^/^q  } 


Iz-^'Ij/Qq  (radial  coordinate) ,  1— z/Ei^ 
(longitudinal  coordinate)  ,  D"-*  n/Dg 
(électron  density)  using  the  following 
désignations:   01^   and  ^Q~koiQ     are  the 
characteristic  tranaverae  and  longitu- 
dinal scales  of  an  unperturbed  beam  res- 
pectively  (ktto»!),  k  =  03/C  ,  0) 
is  the  field  frequency,  n  =  n  /kL 

n^.  =  m(a)  +V  )/^Jte    is  the  critical  den- 
sity, \)    is  the  électron  collisional 
frequency,   Fl^      is  the  initial  density 
defined  by  the  intensity  of  an  external 
ionizer,   ^=^q^^q/c  is  the  electro- 

magnetic  signal  delay  parameter, 

Parabolic  équation  (3)  holding 
when  the  conditions  kGljj»i  .n«k?( 
are  satisfied  describes  diffraction, 
refraction  and  absorption  of  a  beam, 

The  boundary  conditions  for  équa- 
tions (2),  (3)  are  given  based  upon  the 
fact  that  the  unperturbed  beam  is  Gaus- 

sian  and    focused  at  the  distance  Zq 

from  the  bovmdary 

field  at  the  centre  of  the 
focal  spot.  Par  enough  from  the  axis 
(  *l   =  6)  it  was  assumed  that  E  =  0, 
The  initial  conditions  are:n  (t  =  0)  = 
=  =  const;  E(t  =  0)=Ei(1,,Z   ),  whe- 

re  E-i  is  the  solution  ofeq.(3)  with  the 
given  boundary  conditions  for   H* FI 

y  =  0.  <  ' 

Wumerical  calculations  were  made 

for  the  values  of  the  parameters 

and  for  three  values  of  parameter  0/a):0 
0,02  and  3.  The  3-layer  1 1 -point  acharne 
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of  the  higher  order  of  accuracy  was  used, 
The  Bcheme  parametera  were  choaen  in  such 
a  way  that  when  integrating  over  the  cha- 
racteristic  £'=^Z-ti   the  phase  ratios  were 
correct.  The  résulta  are  shown  in  Pig.1  as 
the  plots  of  radial  and  axial  distributions 
of  density    D       and  field  amplitude  |E| 
for  différent  values  of  time  t  * 

As  it  ia  seen,  a  rapid  (avalenche- 
-type)  initial  growth  of  the  density  for 
t~l  stops  due  to  the  decrease  of  the  field 
amplitude  and  the  ionization  maximum  be- 
gins  to  propagate  from  the  focua  towards 
the  lens  (breakdown  wave),  Por  sufficien- 
tly  large   t    the  rates  of  the  discharge 
évolution  etrongly  decrease  and  the  field 
value  exceeding  the  "breakdown"  one  becor. 
mes  small  (in  qualitative  agreement  with 
the  stationary  model  assumption   [7]  ),  Por 
small  ^/o)     after  the  first  ionization  ma- 
ximum there  occur  secondary  ones  which  are 
weaker  and  practically  stop  for  large  t  . 
Por  ^/0i)=  3  (in  this  case  the  beam  refrac- 
tion in  unessential  and  the  field  dynamics 
is  defined  by  absorption)  the  discharge 
quickly  approaches  the  stationary  atate. 
Radial  profiles  of  density  H    (  1;  > 
and  field  |E|   (1)  )  are  always  monotono- 
us  for  \)/a)  =  3.  Por  a  small  ^/o)  there  are 
gaps  on  the  axis  for  some  t     and    Z  • 

Based  upon  a  qualitative  analysis  of 
eqs.(2),  (3)  which  agrée  with  numerical 
results  obtained  it  is  not  difficult  to 
show  that  the  first  maximum  of  électron 
density  is  of  the  order  of  magnitude  (in 
dimensionless  variables) 

Var"«"t.n~n,^^  (3) 

30  that  for  sufficiently  large   ka^  the 
initial  assumption  r\  «  R   is  satisf  ied 

A  max,  c 

even  for   V  =0  and  rather  small  . 

It  should  be  emphasized  that  this 

resuit  is  correct  only  in  the  absence  of 

small  scale  instability   [ô]  ,  which  makes 

the  discharge  évolution  more  complicated 

and  results  in  its  decay  into  clusters 

with  density     R  FI 
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Aaademy  of  Sciences,  Plasma  Physics  Laboratovy , 


)3tr aot t Theor etlc  al  aad  oxperimeiatai  worJc^ 
X  the  accelaration  of  électrons  wheû  mic- 
?owfitve  fields  act  on  a  colllsionless  («\^ 
1/)  isotpopic  plasma  (W4n^='^^)lie[7e  beea 
analyzed.In  the  région  of  rarefied  plas- 
a  (vf^vO  in  the  absence  of  a  critical  point 
i«w)  the  energy  of  suprathermal  électrons 
acreases  àbruptly  and,  as  a  rtile,does  not 
ccead  the  mfiDcimum  value  of  the  osciU-ato- 
f  energy  of  électrons  ^u^f:^"^^^  \ 
le  amplitiide  of  microwa(ve  field.A  control 
cperimeait  on  the  inteqraction  of  a  nicro- 
BCT-e  with  plasma  (  vi<0..é?Hc>  was  performed 
1  a  waveguide  in  which  accelerated  eleci^ 
ons  had  "been  registered  (see  A/)» 
atroduotlon:  Bîlectron  aoceleratiûai  was  ob- 
erved  during  the  interaction  of  a  itticrowa?- 
e  vïith  a  inhomogeneons  isotapopic  /1-V 
ad  magntfboaotive  /5/  plasma«îDhe  aocolera- 
loax  of  électrons  in  dense  plasma  (n:?v\c) 
sually  is  comectad  wilàx  pro cesses  in  the 
egion  of  the  critical  point  (m=vic)  /2,6/, 
nd  iai.r«eâf±e4  plaema  (yrtiHg)  with  the  de- 
olopmeBit  of  parametric  instàbility  /4»5»7/ 
n  Fig.1,calculated  stnd  expérimental  depen- 
.mces^^kX^^  presented  where  îTe^-J^ 
nd  ?5Tjs\f»a5'  -oscillatory  and  themal  elec- 
ron  velocities,^/nc-iio^?i'iali2®^  density  of 
>lasma,  corresponding  to  "Idiresholds"  of  np- 
•earance  (registration)  of  accelerated  ele- 
itrons  (see  /4,5/)«Caloulated  depandences 
■arioiis  values  of  Te/"':  *afc€ai  from  /?/  and 
ïrom  /5/  ecce  also  presented. A  signifie ant. 
Lecrease  in  threshold  values  as  the,densi- 
approaches  y^c*^  ^®  seen.In  Pig.2,eKpe- 
•imental  dependences  of  the  ratio  of  mÉtcl- 
lum  oscillatory  energy  of  électrons  in  mi- 
srowecve  field  2o\tJ^Kn      *®  masimam  energy 
>f  «coelerated  électrons  on  plasma 

lansity  ^/vi^,  are  ahowi.It  can  t»e  seen  that 
in  moat  of  the  eacperiments  this  ratio  inr- 


creases  shaTPly  at. /^a:1.Calculated  values 
£V»ay^^^^in  rareeied  plasma  should 
not  eocceed  1  in  the  travelling  wave  régime 
when  B=Eq  and  4  in  the  standing  wave  régi- 
me when  Bb2E(,  (ail  this  for  ). For  in- 
creasing  plasma  density,  there  may  taice 
place  an  increase  in  field  (for  a  flat 
layer  D=£B  where  £  =1-%t)» Calculât ed  de- 
pendences are  indicated  by  ciuves  1  and  2 
respectively,tàking  in  account  the  fieML 
Increase  in  plasma  at  SsSq  and  S=:2Sq  (Fig. 
2).It  can  be  seen  that  expérimental  curves, 
except  for  those  enclosed  by  a  dotted  line 
/4,8/,are  near  the  calftulated.This  requi- 
res  explanatlon.Pi^om  /6/, 

fe«a.*AéBoL  (1) 
where  the  coefficient  A  may  assume  values 
to  2 JT  .Then,near  \rt       ,we  hawe  the  calcu- 
lated  value  ,     g         y , , 

From  calculation,for  A=2?ï  jB^a^kV/om,  OJô^ 
s^0~'^^3^^  and  L=1cm,we  obtain^«"'^^3^2.5' 
.10^  (decreasing       to  300V/om  gives  2.5* 
.iO^),vâiich  is  not  so  far  from  the  expéri- 
mental values  presented  in  Fig.2. 
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Experimenti  Undeg  the  conditions  of  /V,th,e 
génération  of  acoelerated  électrons  was 
studled  in  détail  and,ia  partlciilar,tlie  ré- 
gion of  their  Ijirth  was  found  /8/.Plasma 
flow  with  v.«:5.10^cin/s  aod  kTg<t5eV,created 
by  a  mica  spark  injector,  after  65cm  inter- 
sected  a  rectangular  waveguide  (12X6cm) 
normally  to  its  broad  wall  wMçh  was  cove- 
red  by  a  metalUc  grid  (cell  0,5x0. 5mm, 
transparency~0.5)  over  a  langth  of  15cm. 
A  H^Q-type  Wfitve  was  exclted  in  the  wave- 
guide  (P=7kW,  E^=0  .5Wcm,'îfe         ,  f ^-2 .10^ 
Hz ,  f  =2/M9,  st«iding  waive  regime,nç=5.1o''^ 
cm~^,p=:5,10~^torr).In  the  opposite  wall, 
there  was.  a  mxatigrid  probe  (MGP). 

In  Figë3,curves  of  delay  of  encrent  of 
accelerated  électrons  on  the  MGP,obtained 
for  vnrious  velues  of       at  n/n^sO.^i-,  are 

presented.MFCcimum  énergies  reach  8,^100- 
-SOOeV  (^•«^^10^)(see  Pig.2).The,  energy 
distribution  of  électrons  for  E^=0,03^]cV/ 
cm  is  identical  to  the-curve  for  E^-O  C^< 
-^20eV).!I!he  field  strensth       at  which  ac- 
oelerated électrons  appear  increases  with 
decreasing  n/n^  (see  Pig.1,/8/),DependQQ- 
ces(6Ê/y^^^,5/  are  in  agreemont  with  the 
calculated  /7/.0ur  data  /8/  give  lower  va- 
lues of(«6^YJ    (at  ESEq), which  is  m  arga- 
ment  for  the  apparatus  origin  of  measured 
"threshoMs"  in,  the  appearaace  of  accélé- 
rât ed  électrons. 

In  order  to  détermine  the  région  of  ac- 
coler ated  électron  formation  in  the  wave- 
guide  paflpallel  to  its  broad  wall,  a  thin 
pleslglass  frame  with  fine  capron  grid 
Ctraasparancy 0,25)  movable  along  the 
narrow  wall  of  the  waveguide  was  introdu- 
ced.The  energy  distribution  and  current 
of  accelerated  électrons  did  not  change 
by  moving  the  additional  grid  along  the 
narrow  wall  of  the  waveguidg  (froa  5  to 
0.5cm  and  then  close  to  it).The  obtalned 
rasiat  Indicates  (within  the  limits  of  ae- 
asurement  accvu?acy)  that  noticeàble  élec- 
tron accélération  from  the  volume  of  rgt-, 
refied  plasma  (n/hçéo.5)  inside  the  wa- 
veguide  is  absent  as  was  noted  in  A/.Ob- 
served  électron  accélération  apparantly 
should  be  attributed  to  processes  occur- 
ring  in  the  région  of  interaction  of  mi- 


crowave  field  with  plasma  neeo?  the  met  ai; 
lie  grid  input,i.e.,adopted  to  the  methot 
of  introduelng  plasma  into  the  waveguidei 

wave 


so       100    iSO^V  Pig.3 
We  shall  try  to  elucidate  the  possible 
meohanism  of  électron  acceleration.it  the 
n/n^4  0.5  in  the  wecveguide  and  approxiaa- 
tely  twofold  plasma  density  decrease  by 
the  met allie  grid, its  density  dlrectly  be 
yond  the  grid  (on  the  injector  side)  caa 
reach  n/n^-^l  .Microwave  radiation  can  leàk 
into  this  region.Moreover,the  passage 
through  the  grid  of  narrow  »»tongues"  of 
dense  plasma  can  maintain  their  original 
density  (n/ïi^?,l)  to  distaaçes  at  least  of 
the  order  of  the  grid  cell.Knowing  experi 
meatal  values £,^4^  and  E^  from  (1),we  shal 
détermine  Lc^  lmm,i.  e.compareible  with  the 
dimension  of  the  grid  cell. 
Se3ults:a?hus,it  is  shown  that  in  rostric- 
ted  volumes  (a^Tl^^  of  rarefied  plasma 
(n/nJcD  maicLmum  énergies  of  accelarated 
électrons  (far  from  the  région  n/n  =1)  do 
not  exceed£ovH;^i.e.,the  energy  of  SsçiU* 
tiens  of  électrons  in  microwave  field. 
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3stract;A  qualitative  theory  of  gas  bre- 
cdowa  had  been  developed  for  the  conditi- 
is  nàiea  the  average  energy  of  électron 
3Cillatiôns  in  an  alternat ing  f  ield  8^ 
^^^s^ceeds  the  ionization  potentiel 
e  atoms  I.The  dependence  of  the  growfch 
ate  of  ionization  ^on  g^C  5^=1 0^-1 0%V) 
3  presented. Expérimental  investigations 
i  the  development  of  microwave  breakdowa 
1  hélium,  argon  and  air  have  been  conduc- 
9d.in  the  région  of  E^/to»  =1.5.10"®-8. 
D'^'v.s/cm  (6os:0,1-500eV)  and  pressures 
=5.lO~'*'-10"^torr .S atisf actory  agreement 
stweon  calcvilated  and  expérimental  depen- 
ences  has  been  observed  for 
atroduction:  In  most  theoretical  works 
3r  weàk  fields  (for  exajnple,  see  /1,2/) 
t  is  assumed  that  6*^kT<<I  where  kT^  is 
ie  average  energy  of  électrons  (tenrpera- 
ure).The  theory  of  gas  breàkdown  based  on 
lie  model  of  average  électron  yields  re- 
iilts  close  to  those  obtained  within  the 
camework  of  kinetic  theory.  In  /5/»an  at- 
empt  was  made  to  construct  a  kinetic  the- 
ry  of  gas  breakdown  for  arbitrary  values 
f  £^,in  particular,for6^I.In  this  case, 
ae  cannot  consider  solution  of  the  kine- 
ic  équation  by  expansion  of  spherical 
unctions  sufficiently  justified.In  contra- 
istinction  to  this,here  we  consider ed  the 
uestion  of  gas  ionization  îorS^'^  from 
he  standpoint  of  the  model  of  acverage 
lectron,  and  a  çomparison  is  made  with  ax- 
erimental  data. 

heory:The  frequency  of  transport  collisi- 
ns  of  électrons  is  much  les s  than  frequ- 
ncy  of  ionization  collisions  in  a  strong 
.ectric  field  (8o">>10I)  averaged  over  pe- 
od  of  oscillations. Therefore, the  average 
rv  dom  enérgy  of  an  électron  gas  tuma 
ut  to  be  small  in  compecrison  with  g^until 


the  gas  becomes  weakly  ionized.Under  such 
conditions  we  shall  take  into  account  on- 
ly  indue  ed  motion  of  électrons  in  the 
field  E=E^SiA7tOo-fr 

where ir„=/^.We  note  that  the  formula 
zz^lEs-gLs  valid  only  for u;/??'^^. An  électron 
c^^lonize  an  atom  only  if  '.Since 
'O'o'^^i.,  secondary  électrons  are  produced 
practically  at  arbitrary  phases. After  se- 
Teral  collisions  électrons  may  be  assumed 
to  have  uniform  phase  distributions. 

The  growth  rate  of  ionization  ^  can 
be  determined  from 

ëJ^^neno^iV--  neY  (2) 

where  n^  and  n^  are  densities  of  électrons 
and  atoms,  6''is  the  cross  section  1d(£  «tom 
ionization  by  électron  impact. Averaging 
over  the  period  of  électron  oscillations 
in  the  field  as  well  as  over  initial  phar- 
ses  of  électron  production, using  the  ex- 
pression for^'(v)from  the  Bom  approxima- 
tion   ^l(v)  ^^z^n  (3) 
we  obtain, within  the  limits  of  large  S^, 

^  ~  nooL  fPn      £_z  (4) 

The  calculati^  of  ^  for  more  exact  va- 
lues of ^-(irltaken  from  experiment  /H-/  was 
performed  on  a  computer. In  Pig.1,the  cal- 
culated  dependence ^(^^^^n^  for  hélium  is 
presented.lt  can  be  seen  that  at  first 
y/n^  increases,reaching  a  maximvua  )^m/n^= 
=1 . 9.10~^cm~^.  s"^  at  £^=300eV;then,it  be- 
g±ns  to  decrease,  approaching  the  asympto- 
tic  dependence  /dotted  line/. The  coeffici- 
ent      was  chosen  so  that  the  curves  coïn- 
cide atÇ^=10^eV* 

Exp eriment ; Usually  expérimente  (see,for 
exemple, /1, 2/)  have  been  conducted  in  re- 
latively  weak  fields,when  the  characteris- 
tic  pacameter  of  breakdown  of  low  pressur 
res  E^/cOodid  not  axceed  10~®V.s/cm  (whe- 
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reby^<I).Here,we  have  studied  the  develop- 
ment  of  aVaZ^ches  in  a  microwave  field  at 
Eo/«t=1.5.10-^-8.10-7v.9/cia  (g^=0.1-300oV) 
in  hélium,  argon  and  air.The  installation 
consisted  of  a  (yaOcm  circular  wacyeguide  of 
stalnless  steel  ptmped  down  to  2.10~^torr. 
Erpetiments  were  conducted  with  a  continu- 
ous  flow  of  gas  at  pressure  of  5.10"^-5, 
lO^^torr.The  alcfcow^ye  geaerator  (a{,=10^*? 
s    ,'r=10yws,'Ç=0.^)  «Kcited  the  H°  -«ra- 
ve in  wacveguide. 

The  ionisation  ftequaucyVi  was  deter- 
mined  from  the  condition  of  nonstationary 
hreakdowa^.N^.-  V^=t-1,ln  n^/n^.^^^  t 
is  the  measured  duration  of  the  influence 
of  inicrowetve  radiation, is  the  characte- 
ristic  ftequency  of  électron  losses, and 

and  n^-the  final  and  initial  électron 
deasities,the  later  was  created  durlng  io- 
nization  of  the  gas  by  électrons  emitted 
from  heated  tungstan  filaneat  (U  =30-^V) 
stretched  across  the  watveguide  in  the  aa- 
tinode  région  of  the  electric  field  of  the 
H^-j  standizig  weore  (normally  to  B)(Fig.2, 
insertion). The  value  of  n^  reached  1oW 
near  the  filameat  and  kT^^^eV.The  time 
constant  of  électron  losses  t^=\/^-'^  was^de- 
termined  experimeatally  from  a  plasma  de- 
cay  (t^=25-30yMs  for  argon  and  air  and  10- 
15yHs  for  hélium). 


10         W        ïo3  ëT^v 

Fig.l 

The  f act  of  "breakdown»»  was  estahlished 
by  the  termination  of  microwave  transmis- 
sion through  the  layer  and  by  the  appear 
ra»co  of  accelerated  électrons  (in  f  di- 
rection) iriien  reachlna  critical  plasma 
denslty  n^=^^.^O^^om^.The  currant  of 
accelerated  électrons  was  reglstored  by  a 
moltlgrid  probe  (MGP)  pla»ed  «n  the  side 
wall  of  the  waveguide.In  Pig.2,the  depan- 
dences  on£^of  the  acvaraged-over-the-spe- 
ctrum  frequ«ncie«  of  ionization  pœ  atom 

are  presented.In  the  région  of  weak 
fields  (£«,<I),thd  values  of  \/ ^  are  in 


satisf  actory  agreement  with  those  presanji 
ted  in  /1,2/,and  at  higher  fields  there  1 
is  agreement  with  the  calculated  dependeol 
ce  (Pig.D.m  curves  of  Pig.2,the  values 
Co  are  cited  through  a  vacuum  field  E 
(aï«5>lification  of  field  on  the  filament 
can  yield  an  increase  by  a  factop  of  2-3 


Fig.2 

The  obtained  dépendances  ^f/h^  on  4  can 
be  used  to  evalute  the  mascimua  time  for 
axperimonts  with  strong  microwave  fields. 
Besults: Agreement  has  been  obtained  for 
theoretical  and  expérimental  dépendances 
for  the  constant  of  breakdown  ±n  gas es  y- 
-      in  strong  fields  (<5^»l),i.e.  in  the 
région  achieved  by  power  puise  lasers  aocl 
microwave  generators  /3,5/.Contlnuatipn 
of  eccperiments  in  the  région  of ^  =10^-10^ 
eV  (decrease  in  the  y/n^jFig.i)  requires 
the  use  of  radiation  from  super-high  po^ 
wer  relativistic  microwave  generators  /6/. 
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Pinch  current  sheets  are  those  diB- 
Lnguished  régions  in  the  plasma  where  con- 
Lderable  cumulation  of  magnetic  energy 
ad  fast  energy  release  with  conséquent 
ransformation  in  plasma  flowa  and  high 
nergy  partiales  beams  is  possible.  The 
tudy  of  formation  and  stability  of  the 
urrent  sheets  is  highly  essential  for 
lucidation  the  nature  of  suoh  astrophy- 
ical  phenouena  as  solar  f lares,  magneto- 
phfric  aubstorms  and  so  on.  The  develop- 
lent  of  disruptive  instabilities  in  toko- 
lak  plasmas  is  apparently  results  from  the 
'oroaation  and  the  destruction  of  current 
iheets. 

In  our  experiment  the  current  plnch 
iheet  (plane  Z-pinch)  was  produced  in  the 
ricinity  of  zéro  (neutral)  line  of  two- 
limentional  quadrupol  magnetic  field  in 
irgon  plasma  prepared  by  auxiliary  dischar- 
5e,when  the  electriÈ  field  E^a250-400  v/cm 
laa  .applied  along  the  neutral  line.  The 
sradient  of initial  magnetic  field  was 
19*2-3  kG/cm.  The  typical  parameters  of 
the  sheet  eatabliahed  1    ^sec  after  cur- 
rent ignition  were  the  f ollowingrthe 
Length  determined  by  the  électrode  sépa- 
ration was  L=40  et,  the  width  -  2AXa 
>  6-7  cm,  the  thickness  2       a  0.7  cm, 
the  total  current       =  40-60  kA,  the  tan- 
îential  component  of  the  magnetic  field 


H^=3-6  kG,  the  transverse  component  /-/^ 
was  several  times  less  than  everywhere 
inside  the  eheet.  During  the  current  sheet 
formation  plasma  from  the  chamber  volume 
was  effectively  swept  into  the  sheet  ré- 
gion, thus  the  resulting  électron  density 
15  -3 

of  the  plasma  sheet  reaches  Ne=8.l0'^cm 
and  maintains  practically  viniform  along 
the  sheet  width.  On  the  contrary  the  den- 
sity gradient  in' transverse  direction  is 

■^Aé/  1 6  -4 

quite  Sharp  reaching  =  5.10'  cm  ^, 

Theory  predicts  that  the  current 
sheet  becomes  unstable  in  respect  to  the 
tea ring-mode  if  its  width  to  thickness 
ratio  exceeds  -^^^^ >i^;7'.However  in  expe- 
riment  we  observed  the  stable  behaviour 
of  the  sheet  during  2,5  j^eec  at  the  elon- 
gation  ratio  of  order  of  15.  But  if  we 
increase  the  initial  magnetic  field  gra- 
dient and  decrease  initial  gas  pressure 
then  a  new  phenomenon  occurs  -  the  rapid 
change  in  magnetic  field  configuration  of 
the  current  sheet.  In  i-l.5/Msec  after 
the  current  ignition  we  obser1?e  fast  de- 
crease of  the  longitudinal  component  of 
the  sheet       and  the  increase  of  the 
transverse  component  H^,  fig.  1.  Thus 
the  fast  dissipation  of  magnetic  energy 
accumulated    previously  near  the  current 
sheet  occurs  through  the  reconnection  of 
the  antiparallel  magnetic  flxixes.  The 
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change  of  the 
longitudinal  com- 
ponent  is 
4H^=3  kG  and  the 
time  derivative  is 
ot  10''°G/8ec. 
The  current  deneity  20-' 
decreaaes  signifi- 
cantly  in  the  tnid- 
dle  of  the  sheet.So 
far  as  the  total  current  I^.  doea  not  chan- 
gea .redistribution  of  the  current  along 
the  sheet  width  takes  place. 

The  dynamics  of  the  magnetic  field 
reconnection  in  the  sheet  was  observed 
with  three  magnetic  probes  arranged  on  a 
line  (y=0.7  cui,z=15  cm)  parallel  the  sheet 
surface. The  sheet  formation  corresponds  to 
decrease  of  the  tranaverse  component 
comparing  to  its  value  at  the  initial 
field  (dashed  lines,  fig.2)  in  the  time 
interval  0-l,4^sec.  Then  the  first  probe 
(x^=0.3  cm)  shows  the 
increasltig  of  the 
transverse  component. 
Initia lly  the  change 
is  rather  smooth, 

^^^At  =6.10^G/8ec.  At 

this  time  the  second 

and  the  third  probes 

situa ted  at  X*=1.8  cm 

and  X^=3.3  cm  do  not 

detect  any  change  of 

the  signais.  With  the  growth  of  magnetic 

field  perturbation  its  time  derivative 

increases  approximately  six  foles.thus 
'^^^ /-it  Si    4.10^  G/sec.  During  this 

process  the  transverse  component  reaches 


the  level,  corresponding  to  the  value  of 
the  initial  quadrupole  field,  and  then 
exceeds  its  essentially.The  magnetic 
field  variation  reaches  850  G, 

The  rise  of  the  signal  on  the  second  pro- 
be is  delayed  in  respect  to  the  first  pro 
be  signal  on  0.3  yi/sec,the  time  derivati- 
ve is  "^^^^  =  8.10^  G/sec  and  the  total 
variation  of  magnetic  field  reaches 

=1100  G.  Thua  the  fast  reconnect- 
ion of  the  magnetic  fluxes  arising  in  the 
middle  of  the  sheet  propagates  along 
sheet  width  (in  x  direction).  If  the  star 
of  the  process  in  two  spatically  separat- 
ed  points  had  the  time  shift  about  0.2- 
0.3  yi/sec,  the  maximal  reconnection  level 
of  order  of         G  can  be  attained  with 
signif icantly  reduced  time  shift  of  or- 
der 0.1  fiBec.  This  corresponds  to  the 
nonlinear  perturbation  wave  propagating 
with  the  mean  velocity  Uj^  =  1.3x10*^ 
cm/sec  which  a pproximately  one  order  of 
magnitude  exceeds  characteristic  Alfven 
velocity  for  given  sheet         =  1.5x10^ 
cm/aec.  Then  the  perturbation  of  trans- 
verse component  is  thrown  to  the  edge  of 
the  sheet,  where  the  magnetic  field  va- 
riation reaches     (âN)~  =  1800  6.  The- 
refore  we  can  conclude  that  the  observed 
phenomenon  représenta  itself  the  process 
of  fast  magnetic  fluxes  reconnection 
through  the  current  sheet, initially  se- 
parated  thèse  fluxes.  By  another  worda, 
the  fast  breaking  of  the  current  sheet, 
having  the  explosive  behaviour ,has  been 
produced  experimentally . 
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NFLUENCE  OF  THE  METASTABLE  ATOMS  LIFETIME  ON  THE  RUNNING  STRIATION  EXCITATION 
P.S.  Landa,  YU.V.  Ponomarev. 

Moscou  State  University,  Department  of  Physias. 


It  is  known  that  in  the  noble  gas  dis- 
larges  inside  a  région  of  the  rvmning 
;riation  excitation  there  can  be  a  relati- 
ily  small  région  of  currents  and  pressu- 
(s  in  which  there  are  no  striation 
le  boundaries  of  this  région  dépend  on 
le  gas  composition  and  discharge  tube  di- 
msions  /2,3/.  The  investigation  of  a 
m-striation  région  is  of  great  practical 
iterest  because  the  operating  ranges  of 
?e s sure s  and  currents  in  helium-neon  la- 
îrs  usually  overlap  it  /3/.  In  this  work 
16  présence  of  a  non-striation  région  is 
cplained  by  the  f inite  lifetime  of  the 
îtastable  atoms. 

In  most  of  theoretical  works  on  striati- 
1  excitation,  for  example  A,  5/»  the  equa- 
Lon  for  raetastable  atoms  is  not  taken  in- 
3  account.  This  holds  true  for  great  ciir- 
3nts  near  the  Pupp  boundary,  where  the  ef- 
3ctive  lifetime  of  metastable  atoms  is 
nall  and  their  concentration  can  follow 
hat  of  the  électrons  both  in  time  and 
pace.  In  this  case  the  influence  of  meta- 
table  atoms  displays  itself  only  through 
he  ionisation  rate.  In  the  région  of  small 
nd  médium  currents  the  metastable  atoms 
ifetime  is  greater  or  is  of  the  same  or- 
er  than  that  of  the  électrons,  due  to 
hich  their  influence  becomes  more  consi- 
erable .  The  metastable  atoms  lifetime  is 
etermined  by  both  the  diffusion  on  the 
ube  walls  and  their  disapperance  in  the 
olume  due  to  the  processes  of  deexcitati- 
n  and  step  ionization.  Therefore,  it  is 
Lseful  to  introduce  an  effective  lifetime 
if  metastable  atoms '^mei  which  dépends  on 
;he  average  value  of  the  électron  concen- 
iration  and  consequently  on  the  discharge 


current.  When  the  current  changes 'Z^me  also 
varies  in  broad  limits. 

It  is  convenient  to  dévide  the  whole  cur- 
rent région,  in  which  the  striation  can 
exist,  into  three  parts:  Dgreat  currents 
>yX'^>7Tme        »  2) médium  currents 
Zm  .  3) small  currents 

^rr^  ^r,rve»'Ca  .  CÎT^.'î^m.  are  diffusion 
l^fetimes  of  électrons  and  metastable  atoms). 
iL  each  of  thèse  régions  the  mechanism  of 
the~ positive  column  instability 'has  its 
distinctive  peculiarities.  For  great  and 
médium  currents  the  metastable  atoms  diffu- 
sion on  the  walls  is  negligible  and  their 
concentration  slightly  dépends  on  current. 
In  the  région  of  small  currents  the  meta- 
stable atoms  concentration    is  proportional 
to  that  of  électrons  and  therefore  cosider- 
ably  changes  with  the  variations  of  the  cur- 
rent . 

Prom  the  known  experiments  one  can  drow  a 
conclusion  that  in  the  régions  of  great  and 
small  currents  two  différent  tjrpes  of  stri- 
ations  are  excited.  In  the  région  of  médium 
currents,  which  is  transitional,  either 
both  types  of  the  striations  are  excited 
or  they  are  absent.  The  présent  work  is 
concerned  with  the  excitation  conditions 
and  dispersion  characteristics  of  striation 
in  this  région  of  current. 

Hydrodinamic  équations  of  continuity  were 
used  as  initial  for  concentration  of  élec- 
trons, metastable  atoms  and  the  électron 
gas  energy  /6/.  The  final  value  of  résis- 
tance of  the  discharge  supply  and  boundary 
conditions  for  the  positive  column  are 
taken  into  account  /5/.  The  account  of  the 
positive  column  stability  was  carried  out 
analytically  at  def inite  parameter  restri- 


16 


ctions  and  by  a  computer. 

To  calculate  stability  the  initial  équa- 
tions were  linearized  relatively  to  small 
déviations  from  the  stationary  values. 
Without  taking  into  account  the  metastable 
atoms  diffusion  thèse  équations  expressed 
in  terms  of  non-diraensional  variables  have 
the  form 

J^Cê^eJo  ^"^Z- 

Here  M  is  relative  déviation  from  the  sta- 
tionary value  of  the  metastable  atom  con- 
centration; J  is  the  value  proportional  to 
the  constant  component  of  the  discharge 
current;  ^  ^,  p^,  h^  are  non-dimensional 
température  derivatives  of  the  frequencies 
of  formation  of  ions  and  metastable  atoms 
and  losses  of  électrons  energy  at  colli- 
sions; ^^^^  is  a  parameter  characterizing 
step  ionization;        is  a  parameter  deter- 
•  mined  by  the  dependence  of  frequency  of  me- 
tastable atom  formation  on  the  électrons 
concentration  (this  dependence  is  due  to 
the  différence  of  the  électron  distribu- 
tion function  from  that  of  Maxwell  A/); 
other  notiations  are  the  same  as  in  /5/. 

It  follows  from  équations  (1)  that  harmo- 
nie in  time  perturbation  with  frequency  CjO 
leads  to  the  appearence  of  four  waves  and 
a  syn-phase  component  related  to  the  J 
discharge  current  modulation.  Qne  of  thèse 
waves  is  basic  and  near  the  boundary  of 
striation  selfexitation  it  is  slightly  en- 
hanced  in  the  direction  from  the  cathode 
to  anode. The  other  waves  greatly  attenuate 
in  the  propagation  direction.  The  conditi- 
on of  the  stristion  self -excitation  is  re- 
lated to  the  basic  wave  enhancement,  name- 
ly,  the  space      ampj  if  ication  factor  of 
the  basic  wave  ^    should  be  greater  than 
some  boundary  value  «/^^  determined  by  the 
ratio  of  the  discharge  supply  résistance  to 
the  positive  column  résistance  /5/.  Near 
the  excitation  boundary  at  the  f ixed  value 
of  the  discharge  current  J  the  space  am- 
plification factor^  dépends  resonantly  on 


the  wave  number  «36  ,  reaching  its  maxinnj| 
value  at  some  96    .  The  régions  of 

striation  excitations  correspond  to  thosi* 
values  of  current  J,  for  which  0       >  i/i 

T4-    *    m  '  I 

IV  toilows  from  computations  that  thèse 
régions  are  mainly  determined  by  the  va- 
lues of  parameters  P^  and  P^.  Depending 
thèse  parameters  the  conditions  of  stria 
tion  self -excitation  may  be  satisfied 
either  for  the  whole  région  of  médium  eu: 
rents,  or  there  can  be  a  current  région 
which  striations  are  absent  (Pig.1),i.e 
there  is  a  non-striation  région. 

On  both  sides  of  the  non-striation  reg:j 
on  the  striation  of  différent  types  with 
différent  dispersion  rules  should  be  exc- 
ited:  for  the  striation  of  m-type  Cu  ae^ 
=const,  for  those  of  n-type  cuae  =const 
If  the  non-striation  région  is  absent  the 
striations  of  m  and  n-types  may  either 
exist  simultaneously,  or  a  compétitive  de 
pression  of  one  of  the  striation  types  mai 
occure.  In  the  latter  case  at  the  current 
change  the  transition  from  one  type  of  th 
striation  to  the  other  should  be  of  a 
hystérésis  character  /7/. 
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M  INVESTIGATION  ON  THE  FREQUENCY  CHARACTERISTICS  OF  THE  RF  DISCHARGE  IN  AR-HG  MIXTURES 


Hsu  Hsueh-Chi. 


Institute  of  Eleatria  Light  Source,  Fudan  UniVi 

1)    Accordlng  to  the  modes  of  excitation, 
he  rf  ©lectredeless  dischar£e  may  be 
onTenlently  dlTldefl  into  two  kinds:  S 
.Ischar^-e  «nd  H  dlschorge.  Thèse  two  types 
,f  discharges  may  exist  si  -  ultaneously  In 
,he  rf  discharges.     In  wer.kly  lonlzed 
ilasraa,  the  rf  electrlc  field  may  be  many 
,en  tlmes  greatei*  than  the  toroldal  elec- 
,rlc  fleld.  Uaually  the  H  dlscharge  may 
le  coTsred  up  by  the  E  dlsôharge^ especla- 
.ly  at  the  breakdown  stage.    It  Is  diffi- 
■ult  to  dlstinguish  them  experlmentally . 
'herefore,  they  were  seldom  discussed. 
fe  hare  suggested  a  method  of  determinlng 
;he  frequency  rarlatlon  to  dlstinguish 
ind  inrestlgate  on  the  rf  discharges, 
iccordlng  to  the  Tariatlon  of  frequency, 
may  understand  the  effeots  of  S  dis- 
îharge  and  H  dischar^e  during  the  rf 
llscharges. 

Z)    Por  thèse  reasons,  we  «tudy  the 
)reakà©vm,  «rclng  and  maintenance  of  the 
rf  dlscharge  and  the  Tariatlon  «f  its 
frequency.  The  discharge  is  created  by 
naxlmum  înagnetlc  excltatien  In  AR-HG  mix- 
tures. The  rf  source  Is  a  translster  push- 
3vai  power  •sclllatôr,  whoae  power  consum- 
blon  Is  3«  watts.  The  discharge  chambier 
Ls  a  sphericalglass  bulb  100  mm  In  dla- 
neter.  The  dischàrge  bulb  and  rf  source 
ire  shown  In  Flg.l. 


iity,  Shanghai,  China. 


P.,  <-«!> 


Prom  Fig.3,  we  can  express  the  relations 
between    ^f»  and  P^t 

Af„-  kPA.+  c 

where  Pay-     is  the  pressure  ©f  Argon,  k 
«nd  0  dépend  ùpon  the  discharge  po-vver  and 
its  frequency. 

(3)  The  fact  that  tho  Tariatlon  of  fre- 
quency dépends  on  the  mechanlsm  of  the  rf 
discharge  may  be  analysed  as  follows.  At 
breakdown,  due  to  the  S  discharge,  th» 


-  A 

We  measure  the  rf  Toltages  acr«8s  the 
Lnductlon  coil  In  erder  te  détermine  the 
îreakdown  voltage  Vs  , 
ircing  voltage       and  maintalnable  vol- 
tage 7m  at  various  pressures  of  Ar,  We 
ilso  record  the  variation  of  the  frequ- 
ency during  the  différent  stages  of  dls- 
oharge.  The  rôsùlts  are  shown  in  Table  1, 
?lg.;2  and  Pig.3.TA3LS  1  . 

»,^tnimHg)    ëTi     iTs     175  TTT 


-E^kc)        _      -1  -2  -Z 


r„(kc)        6»        69        85  97 


capaclty  of  the  circuit  condenser  would 
Increase.  Thls  Increase  lowers  the  discha- 
rge frequency.  On  «the  ether  h  md,  after 
arcing,  there  exista  the  plasma,  whose 
dielectric  constant  may  cause  a  change  in 
capaclty  ef  the  circuit  condenser.  The 
inductance  reflected  by  the  discharge 
Inte  the  circuit  also  reduces  the  total 
effective  Inductance  of  the  circuit,  and 
the  power  absorbed  by  the  discharge  sig- 
nlflcantly  increases  the  effective  séries 
résistances  ef  the  circuit,    The  resuit 
is  an  increase  ef  the  frequency  ef  the 
osclllator  in  Its  leaded  conditien.  It 
may  be  proved  that  at  arcing,  the  Increase 
of  tho  frequency  is 


C7-  226 


where  f  Is  the  discharge  f^equency,  R  Is 
the  effectire  résistance  of  tKe  plasma, 

<=mV£, /L^       ,  M  l3  the  nutual  inductance 
of  primary  circuit  and  secondary  plasma, 
Li  and  Lz    are  the  inductances  of  primary 
circuit  «nd  secondary  plasma  respectirely . 

Prom  the  aboTs  équation,  we  can  see  that 
this  Increase  in  frequency  can  nerer  be 
negatiTe.  Therefore,  we  may  understand 
clearly  that  both  B  and  H  discharges  «xist 
in  our  maximum  magnetlc  eicited  rf  discha- 
rges. The  breakdown  of  the  discharge  Is 
caused  mairily  by  the  rf  electric  field  (E 
discharge);  howerer,  the  aro  is  establish- 
ed  by  the  ring  discharge  inducisd  by  the 
alternating  magnetlc  field  (H  discharge)^ 

Prom  Pig.2,  we  can  see  that  when  the  «rc 


is  established,  the  roltage  *cross  tht  h 
duction  coil  may  be  l.wer.d  suddendly  te 
the  maintenance  Tolt.ge,  whose  magnitude 

to  the  plasma  Qirectly.  There  le  a  maxim 
If  îï^hît  ^•lt*6e  at  the  preeeuj 

of  AT  between  0.3  te  0.8  mmHg.  In  thla 
région  It  prerldes  the  •ptimum  conrersloi 
efficieny  frem  the  rf  seurce  te  the  plaan 
tÏL  ir?K''*'^^^f  *°         frequency  riria^' 
îî,X^v,*^'        discharge  may  be  uied  to 
study  the  mecnanism  of  that  discharge  ani 

less  ^^'^^  *^  «l.ctrodS: 

i«ss  light  sources. 
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Che  aim  of  the  paper  is  the  comparison  of 
:haracteristic6  of  electrodeless  UHP-dis- 
îharge  (UHFD)  in  a  long  tube  and  of  DC- 
iischarge  (DCD)  .  UHFD  isexcitedat  the 
Crequency  of  3.2  Ghz  in  a  tube  of  20  mm 
iiameter  and  length  exceeding  wave- 
length  in  the  waveguide.  The  tube  is  pla- 
ced  at  the  axis  of  standard  rectangular 
waveguide  UHF  power  increasing  up  to 

100-120  W,  the  discharge  length  also  in- 
creases  up  to  filling  the  whole  tube.  DCD 
is  obtained  in  tubes  of  the  same  size. 
Both  kinds  of  discharge  are  investigated 
in  Xénon  at  pressures  of  0.05-2.0  Torr. 
The  characteristics  différences  could  be 
due  either  to  différent  kinds  of  energy 
supply  to  conséquent  parts  of  discharge 
or  to  pecularities  of  charge  kinetics  in 
plasma.  The  électron  energy  gain  of  UHF 
and  of  DC  fields  may  be  différent  /2/  at 

,  so  as  the  maximal  discrepancy 
must  take  place  in  gases  with  strong  de- 
pendence  of  electron-atom  collision  fre- 
quency  on  velocity  ^Cî^'j  ,  distribution 
fmction  fg  détermines  energy  state  of 
DCD  and  UHFD  plasma  électrons.  Unfortu- 
nately,  it  is  impossible  to  get  volt- 
current  characteristics  (VCC)  (and  con- 
sequently  f©)  in  wide  energy  range  beca- 
use  of  small  probes  sxirface.  Therefore 
électron  energy  state  is  obtained  sepa- 
rately  within  two  energy  ranges  (of  cour- 
se   such  a  séparation  is  conditional  and 
ia  based  on  measiirement  methods  spécifies 
in  the  experiment) .  The  average  energy  of 
bulk  of  électrons  proportional  to  T©  and 
électron  concentration  iiq  in  DCD  plasma 


are  measiired  by  standard  probe  method  with 
recording  of  probe  VCC.  Qnly  ionic  part 
and  the  begining  of  électron  part  of  VCC 
are  possible  to  get  in  electrodeless  UHFD 
plasma  /3/.  Therefore  a  hybride  method  was 
applied  to  obtain  the  average  energy  o£ 
bulk  mass  of  électrons  proportional  to  Te. 
Electron  concentration  Uq  is  obtained  by 
MCW  interferometer  (         =8  mm)  then  Teis 
calculated    from  the  ionic  part  of  VCC  da- 
ta. There  is  preliminary  check  of  the  me- 
thod on  the  DCD  plasma  when  average  measu- 
rement  is  possible  in  wide  range  of  élec- 
tron probe  current.  Spectral  lines  inten- 
sities  ratios  are  used  for  fast  électrons 
analysis  (with  énergies  above  excitation 
energy)  in  DCD  and  UHFD.  Spécifie  power 
W      in  DCD  is  practically  linear  électron 
concentration    n©  (Fig.1).  «sp 
does  ûot  dépend  on       wi^©*!  incident  power 
Vin  riees  and  discharge  length  increases. 
W      increases  with  ng  when  W^^^  exceeds 
the  value  corresponding  to  filling  up  of 
whole  tube  by  UHFD,  as  in  DCD  (Fig.  1). 
This  discrepancy  is  due  to  spécifies  of 
UHFD  formation  at  séries  energy  supply  to 
différent  parts  along    the  discharge;  it 
indicates  on  possibility  of  obtaining  of 
electrodeless  UHFD  of  large  length.  The 
fact  of         increases  with  électron  con- 
centration after  the  tube  is  filled  up  by 
UHFD  (as  inDCD)  indicates  probably  on  mi- 
nor  influence  of  orientation  of  electric 
field  strength  xinder  conditions  given 
(we  mean  the  field  supplying  the  dischar- 
ges). Also  it  is  interesting  that  the  sa- 
me Wsp(ne)  for  DCD  an4  UHFD    are  observed 
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at  the  B&me  électron  concentration 
(ii.5  10''^  cm"^)  and  at  différent  pressu- 
res. The  intensity  for  two  pairs  of  lines 


,  w/cm-^ 
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Pig.  1.  The  dependence  of  the  spéci- 
fie power         on  the  électron  con- 
centration   n^.       •  -DCD;     0  -UHFD. 

^4830/  ^4501         ^4671^  ^4501 
(full  signs)  and    for  UHFD  (empty  signs) 
are  given  i**  Fig.  2.  Thèse  intensity  li- 
nes ratios  for  DCD  (sometimes  1.5-2.0 
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0 

ne10~''^,cm~^ 
Fig.  2.  The  ratios  of  spectral 
lines  intensity. 

-  0.05  Torr,  Oj»  -  0.2  Torr, 
0,m  -  2.0  Torr 


times)  at  pressures  O.O5  and  0.2  Torr. 
There  Is  no  marked  différence  of  intensi- 
ty lines  ratios    at  pressure  2.0  Torr. 
T,,eV 
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Fig-  3.    Tg  of  the  bulk  of  élec- 
trons. •  -  DCD;       X  -  UHFD. 
Therefore  the  fast  électrons  average  e^ev 
isj  in  UHFD  exceeds  that  of  in  DCD  at  low 
gas  pressure,  but  they  are  practically 
the  saune  at  press\ire  2.0  Torr.  The  avera- 
ge energy  of  bulk  mass  of  électrons  pro- 
portional  to  Tg  in  UHFD  is  less  then  DCD 
at  pressures  0.05,0.2  Torr  but  the^  dif- 
fer  scarcely  at  pressure  2.0  Torr  (Fig  3) 
Thèse  results  confirm  suggestiuii  of  the 
authors  /2/  tryiae>  to  explain  observe d 
différence  of  électrons  of  énergies  in 
UHFD  and  in  DCD  by  différent  conditions 
of  energy  gain  of  électrons  in  thèse  dis- 
charges when  V  ^<  ù)^and  when^^*-^^  .  It  per- 
mits  to  consider  the  application  of  long 
UHFD  for  spectroscopic  and  plasma  chemi- 
stry  devices  as  having  future. 

/1 /  V. A . Do vzhenko ; P?P?Me Inichenko , G . S . Sol 
ntzev  XII  ICPIG,Eindhoven,  108(1975). 
/2/Y.A.Ivanov,Y.A.Lebedev,L.S.Polak 
XIII    ICPIG  ,  Berlin,  331(1977) 
/3/V.A.Dovzhenko,G.S.Solntzev  and  oth. 
JT?  42,  25O6  (1977) . 
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EMPERATURE  OF  HEAVY-CURRENT  CYLINDRICAL  HOLLOW  CATHODE 

N.N.  Rykalin,  A.V.  Nikolaev  and  A.P.  Borzhov. 

BaCkov  Institute  of  Métal lurgy  Moscou  U.S.S.R. 


introduction.  The  first  papers  on  dis- 
charge  with  hollow  cathode  were  published 
,out  twenty  years  ago  /I,2/.  The  dischar- 
,  of  this  type  we  used  as  a  heavy-current 
lurce  of  ions.  Later  investigations  on 
jllow  cathode  application  v/ere  developed 
1  laboratories  of  différent  countries. 
lysical  investigations  under  the  leader- 
lip  of  Prof .Delcroix  /3/  and  practical 
36  Of  the  discharge  with  hollow  cathode 
yr  Ulvac  Co.  in  metallurgy  snould  be  espe- 
ially  mentioned  /4/. 

At  Baikov  Institute  of  Metallurgy  expe- 
iments  to  study  energy-physical  and  tech- 
ological  parameters  of  heavy-current  dis- 
harge  with  hollow  cathode  are  under  way 
5-7/.  This  paper  présents  results  of  tem- 
erature  condition  studies  for  cylindrical 
ungsten  cathode.  The  obtained  data  charac 
lerize  electric  transfer  on  the  cathode, 
.ts  energy  balance  and  érosion  mecnanism. 

R^pp.rimental  ^^sembly  and  investip;ation 
conditions.  The  assembly  to  study  cathode 
température  condition  consists  of  a  catho- 
ie  unit  with  a  hollow  tungsten  électrode, 
vater  cooled  copper  anode  with  a  crater 
for  liquid  métal,  sealed  chamber,  d.c.po- 
wer  source,  gas-evacuation  system  and  mea- 
surement  equipment. 

Brightness  température  of  the  catnode 
providiigthe  wave  length  X  =0,è5  mkm  was 
measured  in  experiments.  Power  dissipated 
from  cathode  by  heat  conductivity  was  de- 
termined  by  the  température  of  water  cool- 
ing  cathode.  The  arc  current  was  in  tne 
range  from  300  up  to  3300  A,  consumption 
of  plasma  forming  gas  -  from  0,05  up  to 
0,26  cm^/sec,  the  cathode  diameter  was 
equal  to  0,4-2  cm,  the  wall  thickness  - 
0,2-0,5  cm  and  the  cathode  length  -  6-12 
cm.  Experiments  were  mainly  conducted  in 
argon  by  pressure  in  the  chainber  of  0,4 
torr.  In  some  tests  hélium,  nitrogen  and 
hydrogen  were  used  as  a  plasma  forming  gas 

Cathode  température.  By  large  current s 
two  maximuma  of  température  are  observed 


on  the  cathode  surface:  the  first  maximum 
T  -in  tne  catnode  active  zone,  ohe  se- 
cSîd  maximum  -  near  cathode  fixing  in 
a  cooling  holder  (Fig.I) 
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/5Û0 

iaoQ 


Pig.I.  Change 
of  températu- 
re and  compo- 
nents  of  ener- 
gy balance  for 
a  cylindric 
cathode  along 
its  axis  (1= 
=  2oooA;  G^= 

26  cm^/sec; 
L=9  cm;  d=I,6 
cm;  h=0,4  cm). 


The  typical  température  oi  the  active 
zone  for  tungsten  cathode  is  equal  to  2900- 
3300°K.  Value  and  position  of  tne  tempéra- 
ture maximum  essentially  dépend  on  the  arc 
current  and  gas  consumption  through  catho- 
de. By  current  increasing  from  800  up  to 
3000  A  the  maximum  température  rises  accor- 
ding  the  empiric  équation 

=    1750  I°'^^5  CI) 
Im  ,  . 

and  its  position  is  shifted  to  the  workxng 
end  of  the  cathode.  Providing  1=800  A  the 
maximum  is  at  a  distance  of  4  cm  from  the 
outlet  end,  and  by  I=3000A  -  2  cm. 

By  varying  gas  consumption  the  maximum 
température  changes  negligibly.  Gas  con- 
sumption essentially  effects  the  maximum 
position.  Thus,  by  argon  consumption  thro- 
ugh cathode  of  26  and  0,5  cm-^/sec  its  maxi- 
mum température  did  not  change  practically 
and  was  equal  to  3300°K,  By  gas  consumpti- 
on of  26  cm^/sec  the  maximum  température 
was  at  tne  électrode  tip  and  by  consumpti- 
on of  0,5  cm-^/sec  -  at  the  distance  of  18 
nmi  from  it.  3hift  of  the  active  zone  pro- 
viding current  and  gas  consumption  change 
i3  obviously  explained  by  varying  pressu- 
re in  the  électrode  cavity. 
Gas  type  effects  cathode  température  con- 
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dition  negligibly.  Thua,  if  plaama-f orming 
gas  is  argon  the  température  of  outer  sur- 
face was  equal  to  3250°ii,  in  case  of  nitro 
gen  and  hélium  -  3270  and  3300°K  correspon 
dingly. 

The  second  maximum  near  cathode  fixing 
in  the  holder  is  obviously  explained  by 
two  factors:  I)  cathode  is  not  being  cool- 
ed  by  électron  émission  and  2)  électrode 
is  heated  by  full  discharge  current  in 
this  région  (outside  the  active  zone),  The 
température  may  be  determined  with  enough 
accuracy  from  Lenz-Joule  and  Stef an-Boltz- 
mann  équations]^/  n"7Â 

Here £  -  intégral  coefficient  of  radia- 
tion, S'  -  Stefan— t>oltzmann  constant,   p  - 
spécifie  electric  résistance,       -  cathode 
diameter  and  h  -  cathode  wall  tnickness. 

As  it  followa  from  Eq,(l)  and  (2)  the 
température  outside  the  spot  rises  more  ra 
pidly  by  the  current  than  in  the  spot, This 
is  the  reason  for  limiting  current  of  the 
cylindric  hollow  cathode  caused  by  élect- 
rode melting  near  its  fixing  in  the  holder 
Critical  current  density  in  the  tungsten 
cathode  body,  determined  experimentally  by 
its  melting,  is  equal  to  4,6-5,6  kA/cm^ 
(Fig,2). 
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Pig,2.  Change  of  the  first  (I)  and  se- 
cond (2)  température  maximum  depending  on 
the  current  density  in  the  électrode,  , 

•  »  A  -  by  brightness  température  (d=I,6- 
2  cm;  h  =0,4-^,5  cm),  x,+,  o  ,  ■  -  by  elec 
trode  melting  (d=0,4-0,6  cm;  h=0,2-0,3  cm) 

Cathode  energy  balance,  Study  of  catho- 
de température  condition  allowed  to  déter- 
mine components  of  its  energy  balance,  Po- 
wer introduced  into  the  cathode  in  the  ac- 
tive zone  consista  of  energy  streams  cau- 
sed by  ions  energy  moving  to  the  cathode 

and  Joule  heating  P^,  Energy  outlet  oc- 


curs  due  to  radiation  P^;  électrons  émis;- 
on  Pg,  heat  conductivity  P  and  évaporât: 
on  of  cathode  material  P^. 

Power  dissipated  from  the  cathode  by  j. 
diation  essentially  dépends  on  the  arc  ci- 
rent and  forms  45-75%  of  full  power  emer- 
ged  on  the  cathode.  Power  dissipated  by  i. 
at  conductivity  is  equal  to  8-14%,  Power 
consuming  on  électrons  thermoemission  maj 
be  equal  to  20-40%.  The  électron  current 
part  is  0,6-0,8.  It  rises  with  increasin^ 
the  discharge  current. 

Rate  of  électrode  érosion  is  satisfaci- 
rily  described  by  Lengmour  équation  and  i~ 
quires  about  1%  of  the  energy. 

Ions  moving  to  the  cathode  are  the  maj 
energy  source  in  the  active  zone.  If  the 
discnarge  current  is  essentially  lower  (j 
some  times)  than  the  limixing  one,  the  pc 
wer  transferred  by  ions  is  equal  to  85-9C 
of  the  full  energy  emerged  in  the  active 
zone, 

Catnode  voltage  drop  calculated  on  th« 
basia  of  energy  balance  in  the  active  zor 
is  equal  to  I6-20V, 

Conclusion,  Analysis  of  the  temperatui 
condition  of  a  tungsten  hollow-cathode 
has  shown  that  electric  current  of  such  a 
cathode  is  provided  by  tnermo-emission  me 
chanism,  The  limiting  current  of  a  cylind 
rie  catnode  has  been  defined  expérimental 
ly.  Its  value  is  caused  by  électrode  melt 
ing  due  to  Joule  overheating  of  an  electrc 
de  outside  the  catnode  spot. 
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MF  INVESTIGATION  OF  THE  FAST  ELECTRONS  ENERGY  DISTRIBUTION  IN  THE  POSITIVE 
SliÎI  A^  rïS^TWE  GLOW  OF  THE  LOW  PRESSURE  HELIUM  DISCHARGE 


L.M.  Volkova,  A.M.  Devyatov,  E.A.  Kralkina  and  A.V.  Kuralova. 

Mosaow  State  University,  U.S.S.R. 


he  électron  energy  distribution  (i"ED) 
as  studied  in  a  hélium  hot-cathode  arc 
ischarge  at  press\ire  0,3»  0.1, 0.05  aJid. 
.025  mmHg  for  the  discharge  current  25 
A.  The  discharge  was  produced  in  a  glass 
ube  of  the  length  70  cm  and  diametr  3  c:ri 
he  fast  électrons  energy  distribution 
as  deduced  from  the  experimentally  mea- 
ured  spectral  lines  intencities  I  in  ac- 
ordance  with£l,2j  .The  spectral  lines 
ntensities  were  measured  across  the  dis- 
harge  tube  at  the  différent  distances 
rom  the  cathode. Fig  la,  2a  represent  the 
.ependence  of  the  discharge  glow  intensity 
,t  the  différent  distance  from  the  catho- 
.e  at  the  pressiire  0.1  and  0.025  mm  Hg 
■espectively.  The  values  of  10-16  inten- 
lities  of  the  spectral  lines,  which  were 
ised  for  the  calculation  of  EED    f (  &  ). 
Jl  chosen    spectral  lines  fitted  the  equ 
ition  oo 

r(oc3  =  c»>(x)]'acx,£)vrf(ô)cie 

[ère  G  is  const,  x  is  the  para.uetr,  which 
;haracterises  the  spectral  line,v*(X  ), 
;^(x),  Q(x,£  )  are  the  fréquence,  exitat- 
.on  threshold  and  effective  excitation 
:ross-section  of  the  x-spectral  line  re- 
îpectively,£  is  the  électron  energy.  Ail 


SEB  were  calculated  in  the  energy  inter- 
val  25-45eV.It's  pointed  out  in    [3]  that 
after  the  passage  throgh  the  darc  catho- 
de space  the  électron  impulse  distribution 
in  close  to  the  isotropic  and  électron  en- 
ergy is  near  eV      .  Here  V  is  the  cathode 
drop.  Consequently  it  was  the  électron 
energy  distribution  that  was  determined 
in  the  présent  work.  Fig  1  shows  the  fast 
électron  energy  distribution  calculated 
for  différent  distances  from  the  cathode 
at  hélium  pressure  0.1  mm  Hg.  The  Ist  po- 
sition (  see  Fig  la  )  corresponds  approxi- 
mately  to  the  middle  part  of  the  négative 
glow.  The  spectral  lines  intensities  here 
are  large  compared  to  thèse  at  the  other 
points  of  the  négative  glow  and  EED  shows 
Sharp  maximum  at  30-35  eV.  vVhile  approa- 
ching  the  positive  column  (position  2-5) 
the  maximum  diminishes  and  in  the  positi- 
ve column  we  find  the  smooth  EED.  The  ob- 
served  maximum  on  EED  at  30-35  eV  can  har- 
dly  be  attributed  to  the  primary  électrons 
accelerated  by  the  cathode  drop  which  was 
about  60  V  in  our  case. The  électron  ener- 
gy losses  in  the  inelastic  collisions  are 
approximately  equal  to  the  excitation 
( 20  eV)  and  ionisation  (~  25  eV  )  tJru?es- 
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holds,  so  the  appearance  of  the  secondary 
électrons  with  the  énergies  within  ^5-40 
eV  is  possible.  Gonsequently  the  existen- 
ce or  the  observe d  maxiLiu.Ti  on  l'.ED  can  be 
qualitively  explained  by  the  influence  of 
inelastic  scattering  of  primary  électrons. 
In  the  pressure  0.3  mra  lig  Ei'D  shows  the 
redundancy  of  fast  électrons  in  the  néga- 
tive glow  ifcomparedto  the  positive  co- 
lumn.'i'he  shape  of  KED  is  smooth  with-in 
ail  investigated  energy  interval.  At  lower 
He  pressure  (O.O5  and  0.025  mm  Hg)  the  be- 
haviour  of  EED  in  the  négative  glow  is 
just  the  same  as  at  0.1  t.-:!  Hg.  At  the 
start  to  the  positive  column  the  amplifi- 
cation of  the  maximum  occurs.  This  is  li- 
kely  connected  with  the  présence  of  the 
striation  in  this  part  of  the  discharge. 
While    moving      towards  the  anode  the  max- 
imum diminishes.  There  is  weak  plateau  at 
the  pressure  O.O5  wm  Hg  at  the  distance  of 


the  15  cm.  from  anode.  At  0.025  ^  Hg  the 
length  of  the  positive  column  in  our  tube 
is  small  (10  cm)  and  even  the  anode  the 
maximum  on  EiSD  exists.  (  see  Fig  2b  ). 
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MECHANISMS  OF  ELECTRON  DISAPPEARANCE  IN  A  DECAYING  PLASMA  ARC 


A.  Gleizes,  H.  Kafrouni  and  S.  Vacquie. 


Laboratoire  Associé  au  C.N.R.S.  n°  277,  Université  Paul  Sabatier, 


It  is  generally  accepted  that  during  argon  plasma 
decay  at  atmospheric  pressure,  the  disappearance 
of  charged  particles  is  brought  about  by  electron- 
ion  recombination.  For  a  température  of  about  1 
eV,  recombination  is  partially  counterbalanced  by 
ionization.  When  the  pLasma  is  confined  the  élec- 
tron losses  through  ambipolar  diffusion  are  not  ne- 
gligible.  The  aim  of  this  communication  is  to  show 
the  relative  influence  of  the  various  processes  by 
comparing  the  expérimental  results  with  theoreti- 
cal  estimations. 


EXPERIMENTAL  RESULTS.  The  expérimental  set 
up  is  described  in  reference/l /.  The  arc  is  a  wall 
stabilized  one  and  the  decay  is    governed  by  afast 


thyr: 


In  steady  state  conditions  the  électron  number  den- 
sity,  n  ,  was  determined  with  respect  to  the  ra- 
dius, by  measuring  the  absolute  intensity  of  the 
continuum  radiation  at  423  nm.  The  électron  tem- 
pérature, T   ,  was  deduced  from  relative  intensity 
measurements  of  the  Unes. 

In  the  extinction  phase,  the  électron  number  den- 
sity  and  the  variation  of  the  atom  density  n_^, 
were  measured  by  laser  inter ferometry,  at  two 
wavelengths,  along  the  axis  of  the  discharge.  Also 
n  (r,t)  was  determined  by  measuring  the  continu- 
um radiation  (fig.  1).  The  values  at  r  =  0  are  in  good 
agreement  with  the  results  deduced  from  interfe- 
rometry.  Finally,  the  variations  of  light  intensity 
of  some  Ar  I  Unes  were  measured  along  the  axis 
of  the  discharge  (r  =  0).   Certain  results  are  given 
in  another  communication/z/  presented  at  this 
ICPIG  :  for  current  intensities  less  than  25  A,  the 
intensity  of  thèse  Unes  rose  sharply  after  cutting 
off  the  current  (time  of  increase'v5  |is)  then  fell 


to  zéro  after  250  to  300  ps.  It  is  shown/Z/that  thii 
phenomenon  is  due  to  the  rapid  relaxation  of  the 
électron  température  to  the  gas  température. 


0  1  2        r  (m 

Fig.  1.  Radial  profUe  of  n    at  différent  tir 
after  cut-off  (1  =  52  A).  •  continuum  423  nrr 
A  interferometry. 


THEORETICAL  ANALYSIS.  In  a  decaying  argon 
plasma,  with  cylindrical  symetry  and  no  axial  gra- 
dients, the  variation  of  n    is  described  by  : 

where  v^  is  the  average  velocity  of  the  électrons, 
a  the  recombination  coefficient,  S  the  ionization 
coefficient  and  n^   the  density  of  atoms  in  the 
ground  state. 

The  most  rigourous  calculation  of  a  and  S  was  ma- 
de  using  a  coUisional  radiative  model/3/.  For  ar- 
gon the  deepest  study  was  made  by  Katsonis/4/.  In 
order  to  apply  his  results  to  équation  (1),  n^,  T^, 
T^  and  the  diffusion  flux  must  be  locally  known. 
For  high  values  of  n ^{n ^  10^  ^cm"^)  the  plasma 
approaches  LTE  and  the  values  of  the  différent  pa- 
rameters  must  be  known  with  great  accuracy  :  for 
T^  and  n^  ,  the  expérimental  results  are  not  accu- 
rate  enough.   For  this  reason  we  developed  a  model 
which  allowed  us  to  calculate  T^,  T^^,  and  the  a- 
tom  densities  from  expérimental  values  of  n  (r) 
and  the  axial  electric  field  E.  This  model  is  based 
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on  the  resolution  of  a  coupled  System  of  balance  e- 
quations  for  the  population  of  each  real  energy  le- 
vel  of  Ar  I  and  the  électron  energy  balance,  in  the 
steady  state  plasma.  For  level  j  : 

V.(n.;j)=^z|n.n^C..-n.(n/...A..A..)    -n  n^S 

^  3       2  (2) 

=  ^- V  ^  "inel  ^  ^  l  ^eh^^e  "  \K  (3) 

where  C_  and  F^^  are  rate  coefficients  for  coUisio- 

nal  excitation  and  de-excitation  ;  S.  the  coUisional 
J 

ionization  rate  coefficient  ;  R.,  Q.  rate  coefficients 
J  J 

for  radiative  and  collisional  recombinations  ;  A  , 

j 

A        escape  factors  of  radiation.  The  électron  ener- 
gy balance  (équation  3)  is  described  in  détail  in/z/. 
For  the  excited  levels,  diffusion  is  negligible  and 
we  can  write  : 

1  3  /v  ^      \  13/  N  (4) 

7  3F(r  n^Vg)  -  -  -  j^{r  n^v^)  i'*^ 

A  model  with  such  a  make-up  allows  the  calcula  - 
tion  of  T^,  T^,  n^  ,  n^.  .  .  ,  and  the  déduction  of  the 
ionization  and  recombination  coefficients.  The  ra- 
tes of  thèse  reactions  are  the  population  and  dépo- 
pulation rates  of  the  ground  state  by  collision  and 
radiation. 

As  already  stated,  when  E         0,  the  électron  tem- 
pérature drops  to  T,   before  n    and  n    have  had  the 
h  e  a 

time  to  change.  The  coefficients  a  and  S  therefore 
must  be  calculated  for  an  électron  température  e- 
qual  to  T^. 

COMPARISON  OF  THE  RESULTS.  The  following 
table    gives  values  of  a  and  S  with  respect  to  somci 
of  the  values  of  the  (n^,T)  couple  corresponding  to 
real  cases . 


e 

8.8  10+1^ 

4.0  lo''' 

1.5  10^1^ 

8.0  10^15 

T(K) 

12  500 

11  000 

9  500 

8  400 

a(l) 

1.5  10"^'^ 

2.5  10-^^ 

5.6  10-29 

1.2  10-2« 

a  (2) 

2.3  10-^° 

3.2  10-3° 

7.0  10-3° 

1.4  10-29 

S(l) 

2.7  10-^^ 

5.9  10-14 

5.7  10-15 

8.4  10-1^ 

S  (2) 

4.10-14 

9.10-15 

1.10-15 

2.10-1^ 

The  values  of  Katsonis,  under  the  conditions  of 
reabsorption  found  in  the  arc,  are  lower  than  our 
this  is  due  to  the  choice  of  the  excitation  cross 
section  of  the  first  levels  of  Ar  I. 

In  fig.  2  ail  the  expérimental  and  calculated  resul 
are  presented.  The  3  curves  of  the  calculated  re- 
sults  correspond  to  3  différent  parameters  :  a  is 
the  recombination   coefficient  ;  y  E  a  -  Sn^/n^ 
the  apparent  recombination  coefficient  and  {dnjdt] 
n^  the  électron  disappearance  coefficient.  A  good 
agreement  is  seen  between  the  calculated  and  me- 
asured  values  of  (3  n^/S  t)/n^  which  would  seem  te 
justify  our  calculation  of  a  and  S  (Katsonis'  value^ 
are  not  in  such  good  agreement).  As  the  électron 
density  increases,   so  do  the  ionization  phenomenî 
this  can  be  seen  by  comparing  a  and  y.  Finally, 
the  comparison  between  yand  (3n  /g  t)/n^  shows 
the  influence  of  diffusion  which  may  represent  30 
of  the  électron  disappearance  mechanisms. 


•  expérimental  values  of 


10l6 


n    (cm  ) 


Fig.  2.  Expérimental  and  calculated  values  of 
recombination  and  disappearance  coefficients 
of  the  électrons. 

/l/  H.  Kafrouni  and  alii,  to  be  published  in  JQSRT 
(1979). 

/2/  H.  Kafrouni  and  alii,  ICPIG  Grenoble  (1979). 

/3/D.R.  Bâtes  and  alii,  Proc.  Roy.  Soc.  London, 
267,  (1962),  297. 

/4/  K.  Katsonis,  Thèse  d'état,  n"  1  637,  Orsay 
(1976). 


(1)  our  values,   (2)  Katsonis  /4/ 
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5IFFERENCE  BETWEEN  ELECTRON  TEMPERATURE  AND  HEAVY  PARTICLES  TEMPERATURE  IN  ARC  PLASMA 


H.  Kafrouni,  A.  Gleizes  and  H.  Dang  Duc. 


:  C.N.R.S.  n°277.  Université  Paul  Sabatier, 


iQT  several  years  various  authors   /1-2/  have 
îported  that  the  confined-arc  plasma  can  show  lar- 
i  déviations  from  Local  Thermodynamic  Equilibrium 
.TE).  Thèse  discrepancies  appear  under  various 
Drms  :  déviations  from  complète  LTE  if  the  prés- 
ure    is  considered  constant,  déviations  from  Saha' 
law  for  certain  atomic  levels,  différence  between 
ie  électron  température  (T^)  and  that  of  heavy  par- 
icles  (T^).  In  this  paper  the  latter  question 
r^-T^)  will  be  theoretical ly  and  expérimental ly  in- 
estigated  for  a  plasma  produced  by  a  wall-stabili- 
ed  arc  burning  in  argon  at  atmospheric  pressure 
nd  current  intensities  of  between  6  and  35  A. 


"l^l  "  '  "e^e  (ground  state) 

n^  Vj  =  0  for  j  >  1  (excited  states) 
(3nj/3t)^Q^  is  the  balance  of  créations  and  losses, 
of  the  atoms  under  considération,  due  to  collision 
and  radiation  processes.  The  rates  of  ail  the  envi- 
saged  reactions  appear  in  this  term  :  excitation 
and  de-excitation,  ionization  through  collision 
with  électrons,  radiative  recombination  and  photo- 
ionisation, 3-body  recombination,  spontaneous  de- 
excitation  and  photo-excitation.  Thèse  reaction  ra- 
tes are  calculated  from  effective  expérimental  or 
theoretical  cross-sections /3/  by  assuming  that  the 
électrons  have  Maxwellian  distribution. 


NALYSIS.  Let  us  consider  a  stationary  plasma,  the 
ocal  values  of  électron  number  density  (n^)  of 
hich  are  known.  In  the  absence  of  axial  gradients, 
his  plasma  can  be  described  by  the  following  equa- 
ions  : 

équations  of  density  conservation  - 

)  =  (^).m         J  =  1'  2..--.jM  (1) 


dF^^ 


'j  ^j^-^3^^col 
rad 


ambipolar  diffusion  flux  - 
dnp 

.  ^e  =  -  ^  ^A  (dF^) 
électron  energy    balance  - 
^'  =  3n^^^(^^eh)^(V^h)-7^(^^e  éT^ 

(^i  ^I^V7ÏÏF(^"e 
State  équation  - 


,  =  2  n  (5) 
'     j=l  J 

:quations  (1)  concern  the  densities  of  the  real  le- 
'els  of  Ar  I.  The  number  of  unknown  levels  was  li- 
tited  to       =  31.  It  is  assumed  that  the  excited 
evels  higher  than       are  in  Saha  equilibrium  with 
;he  électrons  ;  n^       is  the  diffusion  flux  of 
itoms  on  level  j  : 


In  eq.  (2),       is  the  ambipolar  diffusion  coeffi- 
cient given  by  Devoto/4/  and  A  is  a  correction  term 
which  takes  into  account  the  atom  gradient  and 
which,  at  a  first  approximation,  only  dépends  on  n^ 
(at  constant  pressure).       is  the  diffusion  veloci- 
ty  of  the  électrons. 

In  eq.  (3),  E  is  the  axial  electric  field  measured, 

a  the  electrical  conductivity /4/ and  v  .  the  elec- 
eh 

tron-heavy  particle  elastic  collision  frequencies. 

V     was  calculated  from  the  effective 
ea 

momentum  transfer  cross  section    .       is  the  ther- 
mal conductivity  of  the  électrons  calculated  by 
Gorse  /5/ ;       is  the  ionization  energy  of  Ar  I  and 
R  is  the  local  power  lost  through  radiation  perunit 
volume.  In  order  to  calculate  this  last  term,  about 
250  lines  and  the  continuum  radiation  contribution 
/6/    were  considered  taking  into  account  the  absorb- 
tion  of  certain  radiations. 

Knowing  r\^[r)  and  E,  rigorous  resolution  (eg.  Runge- 
Kutta's  method)  of  the  System  (l)-(5)  is  difficult  : 
insufficient  knowledge  of  the  limit  conditions 
(r  =  R)  and  often  repeated  calculation  of  the  reac- 
tion rates  of  eq.  (1).  Since  the  resolution  pro- 
blems  come  from  (dT^/dr),  this  term  was  used  as  pa- 
rameter  :  the  détermination  of  dT  /dr  is  realized 
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by  an  itérative  method    with  4  steps  : 

i)  from  the  n^(r)  profile,  a  similar  profile  T^^(r) 
is  chosen  and  the  values  of  (dT^/dr)^  deduced  from 
it  ; 

ii)  using  équations  (2)  and  (3),  therefore,  for 

each  value  of  r,  the  variations  of  T,  with  T„  can  be 
h  e 

calculated  T^^  =  f{J^)  ; 

iii)  using  équations  (1),  (2)  (4)  and  (5)  the  va- 
riations of  Tp^  =  g(Tg)  can  be  calculated  for  each 
value  of  r. 

iv)  curves  f  and  g  cross  at  one  point,  the  solution 

of  the  whole  System  (at  point  r).  Thus  as  afunction 

of  r,  ail  the  required  values  can  be  found  :  T  ,  T, 

e  h 

and  the  atom  densities. 

The  solution  is  improved  by  using  the  nev/  profile 
Tg(r)  as  the  starting  point  for  step  i). 

EXPERIMENTAL  METHODS  AND  RESULTS.  The  expérimental 

set-up  is  described  in  référence  /7/.  In  order  to 

détermine  T  ,  n    is  first  measured  by  laser  inter- 
e  e 

ferometry  (at  two  wavelengths)  and  by  spectroscopy 
(measurement  of  the  absolute  intensity  of  the  con- 
tinuum  radiation  /7/    :  thèse  two  techniques  give 
identical  results.  The  3pg  level  density  isobtained 
by  measuring  the  absolute  intensity  of  the  line  at 
430  nm.  If  it  is  assumed  that  this  level  is  in  Saha 
equilibrium,  the  value  of  T^  can  be  deduced  from 
thèse  two  measurements . 

A  relatipnship  is  obtained  between  T^  and  1^  by  pro- 

ceeding  in  the  following  way  :  in  the  stationary 

State,  for  a  fixed  field  value  T    >  T,  .  If  thefield 
e  h 

is  eut,  examination  of  the  relaxation  times  of  the 

phenomena  described  in  eq.  (3)  shows  that  while  the 

électron  température  passes  from  T^  to  T^^,  n^  and 

n    have  not  had  the  time  to  change.  If  n.  is  the 

a  J 
density  of  level  j  in  Saha  equilibrium  : 

"j  =  "e^  ""^^  ^'^''^  exp(^\^  j)  (6) 
As  T  decreases,  n^  increases  when  n^  remains  cons- 
tant. Expérimental ly,  at  current  intensities  of  less 
than  23  A,  a  sharp  increase  is  observed  in  the  in- 
tensity of  one  of  the  lines  emitted  by  level  j  when 
the  field  E  is  eut  (fig.  1).  The  relative  value  of 
the  intensity  increase  is  directly  related  to  T^/T^. 
It  should  be  noted  that  the  levels  under  considéra- 
tion are  in  Saha  equilibrium  following  the  resolu- 
tion of  System  (1)  and  that  the  interferometry  mea- 
surements confirmed  that  during  the  increase  time 


of  the  light  intensity  the  changes  in  n^  and  n^  an: 
negl igible. 


COMPARISON  OF  THEORETICAL  AND  EXPERIMENTAL  RESULTS; 
The  variations  of  (T^  -  T^)  with  the  electronic  de- 
sity  are  given  in  fig.  2.  Thèse  results  concern  mec 
surements  and  calculations  at  the  axis  of  a  6  mmdi- 
meter  argon  arc.  Under  the  conditions  where  the  di1 
ference  (T^  -  T^^)  is  expérimental  ly  détectable,  ca" 
culation  showed  that  the  radiation  loss  is  negl igi- 
ble, the  energy  loss  due  to  ambipolar  diffusion  is 
low  (10  %  of  the  total)  and  that  the  diffusion  of 
heat  represents  about  30  %  of  the  total  losses.  The 
calculated  values  of  (T^  -  T^)  are  lightly  greater 
than  measured  ones.  That  may  be  due  to  a  systematic 
error  of  transport  coefficients.  Nevertheless  the 
method  used  would  seem  interesting  in  the  evaluatic 
of  T^  in  plasmas  which  are  a  long  way  out  of  LTE. 


—calculated  results,  +  expérimental  values. 
/!/  CH.  KRUGER,  Phys.  Fluids  ^  (1970)  1737. 
/2/  J.F.  UHLENBUSCH,  C.  FISCHER,  Proc.  IEEE,  59 


(1971)  578. 

/3/  A.  GLEIZES,  H.  KAFROUNI,  XIH  ICPIG,  Berlin 
(1977)  35. 

74/  R.S.  DEVOTO,  Phys.  Fluids,  ]0  (1967)  354. 
75/  GORSE,  Thèse  3ème  cycle,  Limoges  (1975)  n°  75-li 
76/  E.  SHULZ-GULDE,  Z.  Phys.,  230  (1970)  449. 
77/  H.  KAFROUNI  and  alii,  to  be  published  in  JQSRT 
(1979). 
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NUMERICAL  SIMULATION  OF  A  DECAYING  ARGON  ARC 

T.  Bracke,  H.T.  Sommer  and  C.G.  Stojanof f. 

Institut  fur  Teahnisohe  Thermodynamik,  R.W.T.H. 

rhe  arc  parameters  of  an  electric  arc  that 
Ls  subjected  to  rapid  temporal  changes  of 
the  arc  current,   expérience  temporal  and 
spatial  variations  due  to  the  effects  of 
reaction  kinetics,  conduction,  convection, 
îif fusion, viscous  dissipation  and  radiation, 
rhe  purpose  of  this  report  is  to  présent 
Ln  concise  form  the  results  of  the  numeric- 
il  simulation  of  a  decaying, f ree  burning, 
Lnfinitely  long,   axissymmetric ,  laminar 
irgon  arc  coluinn.  The  current  interruption 
Ls  idealized  as  a  step  function  in  time 
ind  the  thermodynamic  properties  of  the 
plasma  are  described  by  a  model.which 
issumes  local  thermodynamic  equilibrium 
ind  quasi-neutrality .  The  transport  coeff. 
ire  obtained  from  measurements  performed 
jn  a  free  burning  arc  /5/  and  from  kinetic 
;alculations  /3,6/.  The  resulting  System 
)f  équations  consists  of  the  momentum  (1), 
snergy   (2)   and  continuity   (5)   équations  and 
3f  the  conservation  équation  for  the  atoms 
(6)   and  the  thermal  équation  of  state  (7). 
rhis  set  of  équations  is  supplemented  with 
:he  heat  flow  équation   (3),   the  particle 
;urrent  density  équation   (4)  and  the  mass 
fraction  définitions   (8) . 

rhe  dépendent  variables  v, y  ,  T,  p  and  y ^ 
ire  functions  of  radius  and  time  only.  An 
Lmplicit  finite  différence  method  is  used 
tfhich  has  an  efficient  time  step  control 


Aaahen,  6100  Aaohen,   W.  Germany. 

and  the  grid  follows  the  developing  radial 
solution . 

it,  -.0 

/o     p^T  (>}   ■      y.--  a  (8) 
Wj  in  équation   (2)    is  the  chemical  source. 
The  System  of  équations    (1-8)    is  solved 
using  appropriate  boundary  and  initial  con- 
ditions /I/.  The  chemical  source  terms  are 
specified  by  the  following  reactions 

B  *  R  ^R**  e' *  R  R*c:^R**2e 

The  corresponding  rate  coefficients  are 
taken  from  the  literature  /2,   4,   7/.  The 
dominant  diffusion  processes  are  the  inward 
diffusion  of  atoms  and  the  outward  ambipol- 
ar  diffusion  of  charged  particles. 
The  results  of  the  calculations  for  6o  ^sec 
after  current  interruption  are  presented 
in  Fig.   1   -  Fig.  5. 

17 
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The  percentage  of  ionization  drops  from 
6  %  to  4  %  after  6o  fisec  and  goes  down  to 
2.5  %  after  2oo  /tsec.   Thèse  results  are  con- 
sistent with  data  on  the  decay  of  the  elec- 
trical  conductivity.   The  température  decay 
is  linear  in  time  and  dépends  strongly  upon 
the  Chemical  reactions  involved.  Moreover, 
the  présent  numerical  analysis  shows  a 
very  complex  behaviour  of  the  nonstationary 
arc  with  wave  motion  in  the  arc  column 
starting  immediately  after  current  inter- 
ruption. 
Références  : 

/I/  Kollmann,  W.,  Sommer,  H. T.,  Stojanoff, 
C.G.:  J.  Non-Equilib.  Thermodyn.  Vol . 2 
1977 

/2/     Uhlenbusch,   J.,   Fischer,  E.,  Hackmann, 

J,:  Bericht  HMP  128,  1975 
/3/     Hirschfelder,   Curtiss,   Bird,  John 

Wiley  1967 
/4/     Bond,   J.W.,   Phys.   Rev. ,  Vol.  1o5, 

No.   6,  1957 
/5/     Stojanoff,   C.G.,   Jahrbuch  DGLR,  1971 
/6/     McDaniel,   E.W.  John  Wiley,  1964 
/7/     Hoffert,  M.  Phys.  of  Fluids,  Vol . 1 1 , 

Mo.   1,  1968 


Fig.2     Radial  Tempera tureprofiles 


Fig.3     Radial  Velocityprof lies 


Fig.4     Radial  Pressureprof iles 


Fig.1   Radial  Profiles  of  .Degree  of 
Ionisation 


Fig.5     Decay  of  axial  Température 


JOURNAL  DE  PHYSIQUE 


Colloque  CV ,  supplément  au  n°7 ,  Tome  40,  Juillet  1979,  page  C7-  241 


POSITIVE  GM.OW  CORONA  ALONG  A  CYLINDRICAL  ROD  BETWEEN  TWO  PARALLEL  PLATES 

A.  Boulloud,  J.  Charrier  and  R.  Le  Ny. 

Laboratoire  de  Physique  Expérimentale,  Institut  de  Physique  de  l'Université  de  Nantes, 
2,  rue  de  La  Houssinière,  44072  Nantes  Cedex,  France. 


We  have  studied  in  room  air  the  positive  corona 
glow  (Hermstein's  glow  [l])  along  a  stainless  steel 
rod,  2  mm  in  diameter,  equidistant  from  two  pa- 
rallel  brass  plates.  The  distance  of  the  plates  was 
9  cm. 

I/V    CHARACTERISTICS . 

As  the  rod  was  sustained  by  two  rounded  métal 
pièces,  insulated  from  the  plates  and  20  cm  apart, 
the  discharge  length  increased  with  the  D.C.applied 
voltage,  because  of  the  screening  effect  of  thèse 
pièces.  The  corona  current  per  unit  length  of  the 
discharge  obeys  the  well-known  formula  : 

i  =  a  V  (V  -  V  ) 
where  a  is  a  constant  and  V    the  threshold  voltage. 
The  length  of  the  discharge    was  measured  from  pho- 
tographs . 

CURRENT  RIPPLE 

Ripples  of  the  current  and  of  the  light  flux  from 
the  discharge  have  been  reported  by  many  authors 
[2].,  [3],  [a].  Their  frequency  is  only  a  mean  value 
since  the  period  of  oscillations  is  not  really 
constant  but  fluctuâtes  from  one  to  another.  In  the 
investigated  range  (from  25  to  500  yA)  this  fre- 
quency increases  with  the  current  from  115  kHz  for 
25  yA  and  it  tends  towards  a  lirait  of  about  440  kHz 
for  400-500  yA.    Previous    observations  with  point- 


to-plane  gaps  [4]  had  shown  that,  after  a  plateau, 
the  frequency  increased  again. 

The  amplitude  of  oscillations  varies  at  random.  For 
relatively  short  time  intervais  the  pattern  looks 
like  beats  but  for  longer  time  intervais  no  regula- 
rity  at  ail  is  observed.  The  maximum  peak-to-peak 
variation  represents  15  to  20  per  cent  of  the  mean 
current.  This  percentage  tends  to  decrease  when  the 
current  increases. 

OSCILLATIONS  OF  THE  LIGHT  FLUX  FROM  THE  DISCHARGE. 
With  a  point-to-plane  gap,  the  light  flux  from  the 
discharge    exhibits  oscillations    synchronized  with 
the  current  ripple  [4] . 

Two  régions  of  the  rod  were  imaged  on  slits  and  the 
intensity  of  the  beams  transmitted  by  the  slits  was 
studied  with  two  photomultiplier  tubes.  The  expéri- 
mental arrangement  is  shown  in  fig.  1.  The  P. M. T. 
were  in  a  fixed  position.  The  optical  arrangements 
stood  on  two  carriages  that  could  move  along  a  rail 
for  observation  of  various  régions  of  the  rod.  An 
additional  lens  located  between  the  mirrors  and  the 
P. M. T.  reduced  the  beam  divergence .The  whole  System 
was  enclosed  in  a  dark  box  in  which  fresh  air  was 
blown  with  a  fan.  Used  air  was  evacuated  out  of  the 
laboratory.  Owing  to  the  dimensions  of  the  two 
carriages  ,     the    minimal    distance      between  the 
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investigated  régions  of  the  discharge  was  5  cm. 


Fig.  I .—  Arrangement  for  optical  studies. 
The  P. M. T.  currents  were  simultaneously  observed 
with  a  5444  dual  beam  Tektronix  oscilloscope.  A 
typical  oscillogram  is  shovm  on  fig.  2.  No  repro- 
ducible  phase  relation  could  be  detected  and  a 
phase  drift  between  the  two  traces  of  the  same 
oscillogram  was  often  observed. 


\/ 

A 

X 

U 

Fig.  2.-  Oscillogram  of  the    light  flux    from  two 
différent  régions  of  the  discharge 
(2ys  per  division,  i  =  400yA,  V  =  40,4  kV) 


Similar  observations  occurred  when  a  32  mm  métal 
sphère  located  at  mid-rod  divided  the  discharge  in! 
two  parts. 

Thus  there  is  no  cohérence  between  the  pulsations- 
of  the  discharge  along  the  rod  when  the  distance* 
exceeds  a  few  cm.  : 
Particularly.it  is  obvions  from  thèse  data  that  the! 
frequency  of  the  phenomenon  is  not  regulated  by  the) 
external  circuit,  by  a  quenching  effect  of  the  pro-( 
tective  resistor  for  instance,  and  this  may  bel 
easily  understood  :  the  order  of  magnitude  of  thej 
electric  charge  involved  during  one  période  is  InC." 
Owing  to  the  capacity  of  the  électrodes  and  of  the  ! 
H.V.  cable,  the  voltage  drop  should  stand  below 
100  V,  as  compared  to  the  applied  voltage  (27  to  ! 
43  kV),  even  if  Q  is  suddenly  liberated. 
Finally,  our  observations  disagree  with  Beattie's  ' 
and  Cross's,  who  found  that  the  light-flux  oscilla-  i 
tions  were  cohérent  on  the  surface  of  a  relatively 
large  sphère  in  a  mixture  of  N2  and  1  per  cent  of 
O2  [3] .  However,  expérimental  conditions  were 
substantially  différent. 
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THE  ARC  DIAMETER  AND  RATE  OF  ROTATION  OF  A  MAGNETICALLY 
ROTATED  ARC  WITH  SUPERIMPOSED  CAS  FLOW 


K.A.  Bunting. 

The  Eleatriaity  Counail  Research  Centre,  Cape; 
Absùract 

A  magnetically  rotated  arc  heater  produclng  a  uniformly 
heated  and  hi^ly  turbulent  hydrogen  plasma  is  briefly 
descrlbed.     The  effect  of  nozzle  geometry  and  para- 
meters  affecting  the  dlameter  of  the  arc  and  its  rate  of 
rotation  are  discussed  and  some  results  are  presented. 
It  Is  shown  that  steady  rotation  of  the  arc  can  occur  when 
the  axternally  appUed  magnetlc  flald  is  zéro.  The  drag 
coefficlefft  ïva«  determined. 

1.  Introduction 

A  magnetically  rotated  arc  heater  with  hydrogen  as  the 
plasma  working  fluid  has  been  developed  for  use  in 
Chemical  processing(l.  2).  A  highly  turbulent  plasma  is 
necessary  to  obtain  good  mixing  of  the  reactants  and,  in 
order  to  satisfactorily  control  the  rate  and  direction  of 
the  Chemical  reactions,  a  uniformly  heated  plasma  is 
required.  Both  the  level  of  turbulence  and  the  uniformity 
of  heating(3)  dépend  upon  the  rate  of  rotation  of  the  arc 
and  the  arc  diameter.  It  has  been  shown  (1)  that  cathode 
érosion  is  negligible  and  that  anode  lifetime  is  dépend- 
ent upon  the  rotation  rate;  a  high  arc  rotation  rate 
being  required  to  give  an  acceptable  lifetime,  Thus,  the 
effect  of  arc  current,  gas  flow  rate,  cathode  setback, 
cathode  shape,  nozzle  geometry  and  magnetic  flux 
denslty  upon  the  rate  of  rotation  of  the  arc  have  been 
investigated.  The  arc  diameter,  velocity,  anode  root 
velocity  and  the  drag  coefficient  have  also  been  deter- 
mined. 

2.  Apparatus  and  procédure 

The  arc  heater  (Figure  1)  consisted  of  a  non-transferred 
d.  c.  plasma  torch  mounted  on  the  axis  of  a  magnetic 
field  coll.    The  torch  had  a  cylindrical  outer  jacket 
which  terminated  in  a  water  cooled  nozzle  (anode).  A 
water  cooled  rod,  tipped  with  thoriated  tungsten  served 
as  the  cathode.  The  plasma  working  fluid  was  heated  by 
passage  through  an  arc  generated  between  the  électrodes 
which  was  rotated  by  means  of  a  magnetic  field.  The 
gas  was  introduced  tangentially  to  the  plénum  chamber 
so  that  the  direction  of  swirl  was  in  the  same  sensé  as 
the  rotation  produced  by  the  extemally  applied  magnetic 
field.  The  arc  rotation  rate  was  measured  uslng 
differential  magnetic  search  coils^-*-'^),  the  résonant 
frequency  of  which  was      20  Mhz.  The  probe  output 
was  monitored  oscllloscopically  and  on  a  frequency 
counter. 

A  mlrror  immersed  in  the  plasma  and  screened  with  a 
Jet  of  argon  was  used  to  take  high  speed  cine  photo- 
graphs  of  the  arc.  The  comblnation  of  cameru  aperture 
and  .fptical  fllters  was  chosen  so  that  the  diamèter  of 
the  arc  recorded  photographically  was  not  reduced  by 
further  réductions  in  the  amount  of  light  coUected. 
Synchronised  photographs  of  the  arc  and  the  probe  out- 
put were  obtained  using  a  puise  circuit  to  trtgger  the 
caméra  and  a  pre-framing  puise  from  the  caméra  to 
trigger  the  oscilloscope. 


\ursi,,  Nr.  Chester. 
3.  Results 


Fig.  3  Photographs  of  arc,  90A,  160V,  20  1/min.  hydrogt">. 
200,  000  p.  p.  s.  ,  B  =  0.0026  Tesla,  d/^  =  10  mm  , 
1  =  33iiim,  s  =  28  mm,  9  =  40°. 
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4.  Discussion 


It  can  be  seen  fj-o:.-»  Figure  2  that  increasing 
the  arc  velocity  and  rotation  rate  produced 
an  increase  in  the  convective  losses  from  the 
arc  and  thus  a  reduced  arc  diameter.  Similarly,  in- 
creasing the  gas  flow  rate  or  decreasing  the  nozzle 
diameter  increased  the  convective  losses  and  reduced 
the  arc  diameter.  As  the  arc  current  increased  the 
diameter  increased  approximately  as  I^/S.  The  low  vis- 
cosity  and  density  in  hydrogen  lead  to  high  convective 
losses  as  compared  to  argon.  For  example,  average 
values  of  arc  diameter  in  the  range  0.65mm-l.lmm 
were  measured  for  I  =  90A  and  20  1/min.  of  hydrogen 
compared  to  a  typical  diameter  of  2.5mm  under  similar 
conditions  in  argon.  The  diameter  was  found  to  be  in- 
sensitive  to  the  applied  magnetic  field, 

Frame  by  frame  analysis  of  the  high  speed  cLne  films 
(an  example  is  given  in  Figure  3)  confirmed  the  magnetic 
probe  readings.  The  rate  of  rotation  of  the  arc  varied 
from  one  révolution  to  the  next  but  the  rate,  averaged 
over  a  period  long  compared  with  the  period  of  révol- 
ution, was  foimd  to  be  constant.  The  rate  of  rotation 
increased  with  increasing  gas  flow  rate  (Figure  4). 
This  is  attributed  to  the  increased  thermal  pinch, 
produced  by  the  increased  gas  flow,  which  gives  a 
narrower  arc  that  is  subject  to  smaller  aerodynamic 
drag  opposing  rotation. 

The  rotation  rate  in  hydrogen  as  a  fimction  of  magnetic 
flux  density  is  compared  with  that  in  argon  in  Figure  5. 
The  rotation  rate  (n)  increased  with  increasing  mag- 
netic flux  density  (B  Tesla)  and  for  hydrogen  n(kHz)  = 
35  +  5400B  when  0  <  B  é0.003  Tesla  and  n(kHz)  =  56  + 
62B  when  B>  0.02  Tesla  with  a  transition  région  in 
between,  The  curve  for  argon  exhibited  a  similar  step 
but  the  transition  région  extended  over  a  greater  range 
of  B,  the  slopes  were  smaller  and  the  rate  of  rotation 
was  approximately  an  order  of  magnitude  less.  The 
rate  of  rotation  decreased  with  increasing  nozzle  dia- 
meter (Figure  6)  and  increased  with  increasing  throat 
length  (FI  gure  7).  It  was  approximately  independent  of 
nozzle  angle,  setback  and  the  angle  of  the  cathode  tip. 
However,  for  an  arc  current  of  lOOA  and  0.058  Tesla 
(other  conditions  as  for  Figure  5),  the  rotation  rate 
increased  from  53  to  63  kHz  as  the  radius  of  curvature 
of  the  cathode  tip  was  reduced  from  6mm  to  4mm.  The 
drag  coefficient  for  the  arc  for  the  range  of  Reynolds 
number  investigated  (640-1530)  was  foimd  to  be  0.95 
and  was  in  good  agreement  with  results  published  for 
other  arcs(5,  6,  7,  8). 

The  very  high  rates  of  rotation  obtained  in  hydrogen 
were  such  as  to  give  a  uniformly  heated  plasma  despite 
the  small  arc  diameter^^)  and  a  highly  turbulent  plasma. 
The  latter  was  demonstrated  by  injecting  fine  carbon 
particles  into  the  flame. 

It  was  noted  that  the  direction  of  rotation  in  hydrogen 
could  be  with  or  against  the  direction  of  swirl  for 
magnetic  flux  densities   <  0.01  Tesla  applied  in  the 
sensé  which  produce  rotation  in  the  swirl  direction. 
The  self  magnetic  field  of  the  arc  is  not  negligible  and 


this  effect,  which  was  not  observed  in  argon,  is  thought 
to  originate  in  a  spatial  arc  instability,  the  growth  of 
which  is  encouraged  by  the  resulting  self-field.  Depend- 
ing  upon  the  swirl  direction,  the  spatial  instability  may 
be  enhanced  or  suppressed  by  the  swirl.  The  effect 
was  strong  enough  in  hydrogen  to  produce  steady  rotat- 
ion rates  as  high  as  35  kHz  for  zéro  applied  field  and 
is  the  explanation  of  the  rapid  initial  increase  in  rotat-  j 
ion  rate  at  low  magnetic  flux  density  -  the  higher  aero- 
dynamic  drag  in  argon  resulting  from  the  liight<n.den-sity 
viscosity  and  diameter  suppresses  the  effect. 

5.  Conclusions 

Very  high  rotation  rates  (      80  kHz  for  B  =  0,08  Tesla) 
have  been  obtained  in  hydrogen  giving  a  uniformly 
heated  and  highly  turbulent  plasma  and  long  électrode 
lifetimes.  It  is  possible  to  obtain  a  steady  and  high  rate  ; 
of  rotation  in  hydrogen  with  no  externally  applied 
magnetic  field. 
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Introduction 
Although  RBgatlve-polarity  corona  puises  hâve 
been  studied  extensively  by  many  authors.t''  the 
available  data  hâve  been  confined  to  current  and 
light  output  measurements .     Theoretical  models  and 
possible  discharge  mechanisms  have  therefore  had 
to  be  based  on  thèse  parameters.     No  information 
is  avallable  about  field-changes  near  the  cathode 
which  are  important  to  enable  a  realistic  model  for 
the  discharge  to  be  developed.     This  lacK  of  data 
is  due  to  difficulties  in  measuring  field  at  the 
high-voltage  électrode  because  of  the  présence  of 
conduction  current.     The  présent  paper  is  a  brief 
introduction  to  a  new  technique  -  the  field  filter 
-  for  field  measurements  at  high  voltage 
électrodes,  and  demonstrates  some  preliminary 
résulte  of  measured  space-charge  field-changes  in 
négative  corona. 

Expérimental  Arrangement 

An  inverted  gap  of  séparation  83  mm  was  formed 
between  a  12.6  mm  diameter  hemispherically-capped 
rod  cathode  and  a  250  mm  diameter  sphère  anode,  as 
shown  in  Flg.   1.     The  field  filter  was  inserted 
into  the  cathode.     In  this  application  the  filter 
took  the  form  of  an  aperture  of  2  mm  diameter  at 
the  cathode  tip,  and  a  6  mm  diameter  metallic  dise 
which  lay  2  mm  beneath  the  aperture.     This  dise 
represents  the  f ield-sensing  électrode  which  is 
connected  to  the  output  circuit  and  is  biased  wlth 
respect  to  the  cathode  (which  is  at  earth 
potential)  using  a  stabilized  DC  supply  ±  2.5  KV 
maximum.     A  photomultiplier  was  used  to  register 
the  total  llght  output  or  the  light  from  a  deflned 
spatial  région  in  the  gap,  using  a  telescopic 
arrangement  and  a  slit  0.1  mm  wide. 

The  Field  Filter  Prlnclple 

The  external  field  penetrating  the  aperture 
will  be  attenuated  by  the  geometry  of  the  device 
so  that  the  field  at  the  surface  of  the  sensor 
(the  reduced  field)  is  proportional  to  the  external 
fielçl  (Fig.  2(a)). 

A  reverse  field  is  applied  between  the  sensor 
and  the  external  électrode  (the  cathode)  in  order 


to  prevent  conduction  current  from  reaching  the 
sensor.     This  reverse  field  (Fig  2(b))  does  not 
affect  the  charge  induction  process  so  that  the 
effective  action  of  the  device  is  to  filter  the 
field  changes  (i.e.  displacement  current)  from  the 
conduction  current  components.     The  method  is  well 
suited  for  recording  of  the  translent  field-changes 
at  the  cathode;     a  biased  probe  for  static  fields 
has  been  described  in  an  earlier  paper'^2)_ 

The  sensitivity  of  the  field  filter  was 
determined  as  follows:     the  corona  inception  field 
at  the  cathode  was  calculated  to  be  43  KVcm"! 
theoretical  ground,  which  corresponded  to  an 
observed  inception  voltage  of  75  kV.     The  field- 
filter  signal  at  just  below  corona  inception  then 
showed  the  sensitivity  of  the  field  filter  to  be 
0.056  pC(kV  cm"!)"!. 

Results 

The  oscillograms  of  Figs.  3(a,b,c)  illustrate 
the  function  of  the  probe  in  the  présence  of  corona 
at  the  rod  électrode.     In  the  absence  of  the  bias 
voltage,  the  recorded  signal  represents  the  sum  of 
the  integrated  corona  current  and  the  transient 
field-changes  occurring  in  the  région  of  the 
aperture  (Fig.  3(b)).     When  a  sufficient  reverse 
bias  was  applied,  no  conduction  current  was 
recorded,  and  the  field  changes  could  be  seen 
(Fig.  3(c)).     If  a  négative  bias  voltage  was 
applied,  the  conduction  current  was  much  increased 
and  the  field  changes  are  masked  (Fig.  3(a)). 

Between  corona  inception  at  75  kV  and  90  kV, 
field-changes  from  the  mean  field  were  always 
négative;     a  rapid  réduction  of  field  accompanied 
the  discharge  development,  then  the  field  gradually 
recovered  to  the  mean  field  which  then  allowed 
further  discharge  to  start.     The  regularity  of 
thèse  successive  field  réductions  corresponds  with 
the  well-known  regularity  of  the  Trichel  current 
puise  séquence.     A  plateau  in  the  field  was 
sometimes  observed  before  the  field  recovery. 

At  higher  voltages,  a  remarkable  resuit  was 
observed.     Besides  continued  négative  field-changes 
(Fig.  4(a)),  positive  field-changes  were  also  seen. 
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CFig.  4(b)].     Thèse  were  much  larger  than  the 
négative  f ield-changes ,  but  slmultaneous 
photomultiplier  measurements  showed  that  there  was 
no  appréciable  différence  in  total  light  output 
accompanying  either    polarity  of  f ield-ohange . 
Négative  field-change  showed  a  plateau  in  the 
light  output  while  positive  change  showed  only  a 
spike.       Between  positive  and    négative  field- 
changes  there  was  alujays  a  transition  mode 
(Fig.  4(c)]  where  the  négative  field-change 
séquence  was  preceded  by  one  or  more  smaller 
positive  field-changes  of  shorter  duration. 

With  a  vertical  slit  aligned  on  the  axis  of 
the  cathode  (Fig.  4(d)],  the  photomultiplier 
showed  no  différence  in  the  light  amplitude  between 
positive  and  négative  field-changes.     With  a 
vertical  slit  aligned  3  mm  off  axis,  the  reduced 
light  amplitudes  of  Fig.  4(e]  were  found.  With 
the  slit  aligned  horizontally  7.5  mm  above  the  tip, 
positive  field-changes  accompany  light  amplitudes 
larger  than  those  for,  négative  field-changes 
(Fig.  4  (f]]. 

The  callbration  factor  indicates  that  the 
maximum  positive  and  négative  field-changes  were 
of  the  order  of  20  HV  m' ^  and  4  HV  m'^  respectively . _ 

Références 
:    'Electrical  coronas'    (Univ.  Calif. 


'Static  probe 


iELin,   E.  0.  and  WATERS,  R, 
for  electrostatic  field  r 
the  présence  of  space  charge',  lEEE-IAS 
Conférence  Record  78CH  1346-BlA,  136-141, 
1978. 
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SPECTROSCOPIC  DIAGNOSTICS  OF  A.D.C.  NITROGEN  PLASMA  JET 

J.M.  Baronnet,  J,  Rakowitz,  J.F.  Coudert,  E-  Bourdin  and  P.  Fauchais 
Erchov%nd  E.  Pavlov  . 

Laboratoire  de  Thermodynamique,  Université  de  Limoges,  87060  Limoges  Cedex  France. 
*  Institut  de  Physique,  Minsk,  Biélorussie,  U.R.S.S. 


Transition  probabilities,  Stark  broadening 
and  shift  of  NI  have  been  measured  and  spectrosco- 
pic  diagnostics  of  nitrogen  plasma  jet  have  been 
performed . 

I,  EXPERIMENTAL  SET-UP.  The  jet  is  produced  in  a 
closed  vessel  /!/.  The  anode  arc  channel  is  made  of 
two  parts  (l)-(2)  at  the  same  electrical  potential 
separated  by  a  gap  of  5  mm  for  spectroscopic  obser- 
vations of  the  arc.  A  BN  ring  (3)  insulates  the 
first  anode  from  the  second  one  (4).  This  device 
stabilizes  the  arc  and  permits  analysis  of  the  arc 
column,  of  the  jet  and  of  its  plume. 

The  whole  measurement  :  calibration,  expé- 
rimental data  recording,  and  data  treatment  (Abcl's 
inversion,  restitution  of  spectral  line  profiles...) 
is  performed  with  a  data  acquisition  System  connec- 
ted  to  a  computer. 

II.  TRANSITION  PROBABILITES  OF  NI  LINES  AND  STARK 
PARAMETERS  MEASURED  IN  THE  ARC.  From  stark  broa- 
dening of  Ha  we  have  measured  an  electronic  concen- 
tration of  1.05  ±  0.15  IQl^  cm"3  on  the  axis  of  the 
arc  -  /2/  /3/;  it  had  been  previously  shown  that  the 
line  was  not  self  -  absorbed.  We  had  also  verified 
that  0.1  Nl/mn  of  H2  mixed  with  nitrogen  (volume  ra- 
tio was  5%o)  did  not  disturb  the  arc  voltage  or  the 
microscopic  properties  of  the  plasma  of  interest 
(continuum  émission  at  495.5  nm  and  493.5  nm  line 
profile).  Under  thèse  conditions  L.C.T.E.  is  reali- 
zed-  /]/  according  to  the  criterions  of  DRAWIN  74/  ; 
consequently,  starting  from  the  equilibrium  composi- 
tion we  have  determined  a  température  of  13200  ± 
400  K  and  the  concentration  of  NI  :  3.4  ±.  4  10^^ 

cm  ^.  From  thèse  measurements  and  those  of  volume 
émission  coefficient  we  have  determined  the  transi- 
tion probabilities  with  a  relative  error  of  50%. 
(table  I).  Dur  résulta  are  in  good  agreement  with 
those  of  MOTSCHMANN  75/  and  RICHTER  767.  For  the 
lines  before  550  nm  our  results  are  20%  higher  than 
those  of  MOTSCHMANN,  even  though  WIESE  has  increa- 
sed  thèse  last  measures  by  more  than  50%.  Calcula- 
tions  by  GRIEM  787  give  results  which  are  generaly 


higher  than  the  measured  values. 

We  have  especially  studied  the  profiles  of 
the  746.8  mm  and  493.5  nm  lines  and  determined  their 
neutral  collision  shift  and  broadening  7l7.  Réso- 
nance broadening  has  been  included  for  the  746.8  nm 
line. 

We  have  neglected  the  Doppler  effect  for 
the  493.5  nm  line  profile,  its  Stark  width  (2w)  and 
shift  (d)  being  computed  by  fitting  the  expérimental 
profile  to  a  Lorentz  profile.  We  have  deduced  the 
Stark  parameters  of  the  746.8  nm  line  by  comparison 
of  the  expérimental  profile  to  profiles  resulting 
from  the  convolution  of  a  Doppler  profile  (at  the 
température  of  measurement)  with  Lorentz  profilas. 
The  results  are  shown  in  figure  II,  where  we  have 
also  quoted  the  values  computed  by  797  and  7 107  ; 
for  N^  between  5  and  10  10^^  cm~^  and  T  between 
11500  K  and  13500  K  we  propose  the  following  : 
2(1)  =  8.2  10"3  nm,  d  =  4lO"3  nm  for  746,8  nm  line 
and  2a)  =  1,95  10~2  nm,  d  =  2,8  10"3  nm  for  493,5 
nm  line. 

III.  PLASMA  JET  DIAGNOSTICS.  For  the  study  of  L.T.E. 
in  the  plasma  jet  747  we  have  calculated  the  rela- 
xation times  of  energy  exchanges  between  the  diffé- 
rent degrees  of  freedom  and  we  have  determined  the 
caracteristic  times  of  relaxation  to  chemical  equi- 
librium. The  slower  process  is  N2  dissociation 
(N2  +  M  ^  N  +  N  +  M) ;  associative-ionization  follows 
very  rapidly  (N  +  N  î  N2  +  e~)  and  then  charge  ex- 
change (N2  +  N  ^  N2  +  N  )  occurs  :  lonization  by 
electronic  collision  is  not  really  significant,  but 
even  with  a  low  concentration  N2  is  of  major  impor- 
tance . 

L.C.T.E.  is  only  realized  in  the  core  where 
N^  is  higher  than  4  lO^^  cm"^  (T>8600K) .  Otherwise 
in  the  plume  jet  for  example,  vibration-vibration 
relaxation  and  dissociation  times  are  great  compa- 
red  to  hydrodynamic  times.  Anyhow,  considering  the 
very  low  relaxation  times  for  rotation-rotation  and 
rotation-transformation  processes,  rotational  tempe- 
rature  of  molécules  is  always  equal  to  neutral 
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translational  température, 

Consequently  we  have  developped  methods  for 
the  measurement  of  rotational  température  /!/  and 
the  following  diagnostic  method  /11/  is  proposed  : 
the  expérimental  profile  is  compared  to  theorical 
profiles  computed  under  the  assumption  of  L.C.T.E.. 
Volume  émission  coefficients  are  calculated  for  ail 
the  rotation  lines  of  the  band  under  considération 
(we  assume  that  they  are  sufficiently  narrow  compa- 
red to  the  apparatus  function  and  so  are  supposed 
to  have  a  limited  Dirac  profile  according  to  their 
intensities) .  We  sum  over  the  lines  concerned,  and 
perform  a  convolution  with  a  triangular  or  Gaussian 
function.  This  is  done  for  ail  of  the  bands  of  the 
séquence.  The  rotational  température  can  be  deduced 
from  the  rotational  profile  of  the  vibration  band 
even  if  L.C.T.E.  is  not  realized.  Furthernore  this 
method  emphazises  the  différence  between  the  rota- 
tional and  vibrational  températures. 
CONCLUSION.  A  computer  driven  data  acquisition  Sys- 
tem has  permit ted  the  measurement  of  the  transition 
probabilities  of  NI  lines  and  also  Stark  parameters 
of  the  746,8  nm  and  A93,5  nm  lines.  Furthermore  we 
have  shown  that  L.C.T.E.  is  not  realized  in  the 
plume,  consequently  only  the  rotational  température 
is  représentative  of  the  translational  température 
of  neutrals. 
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Figure  1  -  Plasma  device 
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Figure  II  -  Stark  width. 
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EXPERIMENTAL  DETERMINATION  OF  THE  SPATIO-TEMPORAL  DISTRIBUTION 
OF  THE  SPACE  CHARGE  FIELD  IN  A  BREAKDOWN 


P.  Bayle,  M.  Bayle,  E.  Morales. 


lysique  Atomique,  Laboratoire  associé  au  C.N.R.S.  n°  277,  Université  Paul  Sabatier, 


lonizing  processes  occuring  during  a  breakdown 
are  generally  analysed  through  optical  devices, 
photomxiltipliers  or  image  converters.  Though  less 
sensitive  than  photomultiplier s ,  the  streak  image 
converters  have  the  advantage  of  giving  a  conti- 
nuous  spatio  temporal  représentation  of  the  dis- 
charge ;  this  is  particularly  interesting  in  the  case 
of  non  récurrent  discharges.  We  have  thus  deve- 
lopped  a  technique  to  interpret  streak  caméra  re- 
cords that  give    us  the  parameters  governing  the 
discharge,  and  in  particular  the  space  charge  field. 
It  is  known  that  a  breakdown  is  essentially  gover- 
ned  by  the  field  resulting  from  the  superposition  of 
the  applied  field  and  the  space-charge  field  (1)(2). 

It  is  possible  to  sort  out  two  kinds  of  informations 
from  the  streak  caméra  records  : 

a)  information  of  géométrie  order  that  gives  the  di- 
mension, the  position  of  the  discharge  and  its  pro- 
pagation speed  (3).  Thèse  are  essentially  qualitati- 
ve informations. 

b)  information  about  the  énergies  related  to  the 
blackening  density  of  the  film.   For  a  film  emulsion, 
the  characteristic  curve  links  the  image  density 
D(x,  t)  to  the  luminous  energy  received.  The  blac- 
kening density  D(x,  t)  is  related  to  the  number<^  of 
photons  présent  at  the  corresponding  point  (x,  t)  in 
the  discharge.  As  a  first  approximation  this  rela- 
tion can  be  expressed  by  D(x,  t)=TLg[T4>  (x,  t)] 
where  P  is  the  film  contrast  ratio  and  T  is  the 
transmission  function  of  the  expérimental  set  up. 


ean  decay  time  constant  of  excited  states 


-p-^  '^'"pL-  sôZ-t)J 


The  number  of  photons  « 
t  +  dt  at  a  distance  x  fr 
t 


litted  between  time  t  and 
n  the  cathode  is  given  by 


s  the  light  excitation  coefficient  by  électrons  (4) 
the  drift  velocity 


P 

is  the  électron  density  distribution 

v(it,0 /p  =  A  exp  [- &  p  /  E  (x,t)] 

As  the  macroscopic  coefficients  are  functions  of 
the  electric  field,  we  obtain  from  relations  (1)  and 
(2),  the  electric  field.  If  ^  U.U=  E  p.  we  obtain. 

Equation  (3)  shows  the  dependency  of  the  electric 
field  on  the  first  derivatives  of  the  optical  density 
of  the  streak  caméra  record.  This  dependency  indi- 
cates  important  perturbations  of  the  field  that  will 
appear  at  the  bounderies  of  the  light  and  dark  a- 


A  diagram  6f  the  streak  caméra  record  is  given  in 
fig.  1  ;  analysis  of  the  record  was  carried  out  by 
means  of  scanning  microdensitometer  that  gives 
the  matrix  D(x,  t).  The  isodensity  curve  are  shown 
in  fig.  1  .  One  can  see  the  propagation  of  a  cloud  of 
électrons  between  the  cathode  and  the  anode.  The 
cloud  widens  out  and  is  then  followed  by  a  second 
discharge  canal  of  lower  speed.  The  impact  of  the 
électrons  cloud  on  the  anode  gives  rise  to  a  return 
front  in  the  direction  of  the  cathode ,  where  it  pro- 
duces a  second  luminous  front  that  goes  back  to-, 
wards  the  anode. 

Equation  (3)  is  solved  with  respect  to  time  for  each 
value  of  X.  This  give  us  the  continuous  évolution 
of  the  electric  field  with  position  and  time.  In  fig. 
2  we  show  the  analysis  corresponding  to  the  line  in- 
dicated  by  arrows  on  fig.  1.  The  field  is  derived, 
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which  amounts  to  neglecting  memory  effects  on  the 
recorded  picture  due  to  the  lifetime  of  the  excited 
States.  We  have  for  example  in  fig.  2  the  évolution 
E(x.,  t)  of  the  field  in  time  at  a  given  point  in  the 
gap.  The  optical  density  increases  in  an  almost 
monotonous  manner.  The  first  luminous  front  cor- 
responds to  a  maximum  in  optical  density,  while 
the  two  other  fronts,  the  anode  and  cathode  return 
waves  give  a  modification  of  the  gradient  of  the  op- 
tical density  as  a  function  of  time  (5). 

Each  luminous  front  can  be  associated  to  the  pro- 
pagation of  a  strong  perturbation  of  the  electric 
fields  as  one  can  see  on  fig.  2.  The  propagation  of 
a  luminous  front  indicates  the  propagation  of  an  io- 
nizing  wave.  The  perturbation  of  the  field  happens 
in  the  foUowing  way  :  in  front  of  the  wave  there 
exists  a  strong  field  that  corresponds  to  a  zone  of 
high  optical  density  gradient,  this  wave  leaves  a 
zone  of  almost  neutràl  plasma  characterized  by  a 
weak  electric  field  behind.  The  wave  after  reflec- 
tion  on  the  anode  reinforces  the  electric  field.  The  , 
arrivai  of  the  ionizing  wave  at  anode  gives  rise  to 
an  intense  anodic  spot.  The  spot  is  related  to  a  ve- 
ry  strong  space  charge  field  due  to  the  électron 
cloud  just  in  front  of  the  anode.  The  graduai  absorp- 
tion of  the  électrons  by  the  anode  modifies  the  net 
charge  near  the  électrode.  Once  the  électrons  are 
absorbed,  the  cloud  of  remaning  positive  ions  lo- 
wers  the  field  at  the  anode,  while  the  field  towards 
the  cathode  become  more  strong  fig.  3.  This  pertur- 
bation goes  towards    the  cathode.  The  propagation 
speed  of  the  luminous  front  and  that  of  the  ionizing 
wave  are  little  différent,  because  the  propagation 
is,  in  fact  governed  by  the  ionizing  wave.  The  stron- 
ger  the  ionization  of  the  gas  the  faster  is  the  propa- 
gation. The  last  wave  can  cross  the  gap  (5  cm)  in 
one  nanosecond. 

(1)  Yoshida  (K.  ),  Tagashira  (H.)  :  J.  Phys.  D. 
Appl.  Phys.  9.  485-490  (1976). 
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Woodison  (P.  M.  )  :  Proc.  lEE,  Vol.  124,  n"  2. 
179-182  (1977). 
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Fig.  1.  Microdensitogram  of  streak  photograph 
of  discharge  in  N2+CH^(2.  5  %), 
P  =  130  torr,  E  /P  =  1 1 8  V/cm.  torr. 
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Fig.  2.  Electric  field  (1)  and  optical  density  (2) 
at  X  =  33.  5  mm  from  the  cathode. 


Fig.  3.  Perturbation  of  electric  field  at  the  anode, 
(x  =  distance  from  the  cathode). 
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REASONS  FOR  THE  DISPERSION  OF  BREAKDOWN  VOLTAGES  IN  SF^ 
W.  Hauschild  and  W.  Mosch. 

Dresden  Teohnioal  University,  Department  for  Eleotrioal  Engineering  L 


Abstract  ;  The  breakdov/n  in  SPg  is  a 
stochastic  process,  on  the  one  hand  be- 
cause  of  the  random  development  of  élec- 
tron avalanches  £^J  [2j  /3/,  on  the  other 
hand  because  of  random  influences  on  the 
electroatatic  field  by  micro-particles , 
micro-protrusions ,  or  micro-discharges 
/"17  C^J  £M  f5j.  It  is  investigated  which 
of  the  random  influences  causes  the  dis- 
persion of  the  breakdown  voltage  at  dif- 
férent kinds  of  the  stressing  voltage. 

Semi-empirical  calculation  of  the  break- 
down voltage  ;  The  breakdown  voltage 
can  be  calculated  ^^J  £2j  according  to 
Ud=  \±'^h'^'l  '^t'^f  =  Uûi'^-ef,  (1) 
^di  ~  intrinsic  electrical  strength  of 
SPg,  measured  with  a  stress  time  in  the 
order  of  1  min: 

^diAVcm-""  =  890.p2o/MPa;  (2) 
e^  -  curvature  factor,  describing  the 
macroscopic  ciorvature  of  the  électrode 
and  calculated  from  the  streamer  theory 
/"V  /67  (^dh."  breakdown  strength) 

^h  =  W^di  (3) 
d  -  gap  distance; 

2  -  uniformity  factor  according  to 
Schwaiger  (E^  -  mean  and  E^^  maximum 
field  strength) ; 

1  =  \/\  (4) 
k^  -  time  factor,  describing  the  chajigea 
of  the  electrical  strength  cauaed  by  very 
short  (impulse  voltages)  or  very  long 
(opération  voltagea)  stress  time; 

-  roughness  factor,  describing  the 
influences  of  roughness,  micro-protru- 
sions and  micro-particles, 
Random  influences  due  to  avalanche  sta- 
tistics  can  affect  the  time  factor  k^, 
which  therefore  has  to  be  conaidered  aa 


a  random  variable.  Random  changea  of  the 
micro-field  affect  the  roughneaa  factor 
e^,  which  ia  alao  a  random  variable.  The 
distribution  fanctions  of  k^  and  e^  can 
be  estimated  from  measiired  breakdown 
voltages.  Under  idéal  conditions  (very 
smooth  électrodes,  abaolutely  clean  Sys- 
tem) and  d.c.  or  a.c.  voltage  (t=1  min), 
e^=  1  and  k^=  1  are  valid  and  eq.(1)  de- 
liveres  the  maximum  possible  breakdown 
voltage        =  U^^.  Under  technical* condi- 
tions the  expression 

\  =  \  '  \±  (5) 

can  be  underatood  aa  the  applicable  elec- 
trical strength  /V. 

Time  factor  and  avalanche  atatiatica; 
Under  the  assumption  e^  =  1 ,  according  to 
eq.(5)  the  time  factor  k^  is  a  field 
strength  related  to  E^^^,  For  a  ujiiform 
field  the  avalanche  statistics  give  the 
breakdown  probability  depending  on  the 
field  strength  and  the  number  of  atarting 
electrona  /'^J  [jj .  Thia  ia  the  diatribu- 
tion  function  of  k^  (fig.  1). 


1  / 
/ 

starting  électrons  n^=L^ 

-t  

/ 
[ 

1  ■ 

y 

Fig.  1  :  Distribution  function  of  the  time 
factor  kt  depending  on  the  niimber 
of  starting  électrons  (theoreti- 
cally  for  a  laiiform  field) 
For  one  or  a  few  starting  electrona  k^ 
has  a  large  dispersion.  If  the  number  of 
atarting  électrons  is  high,  the  random 
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character  of       can  be  neglected  (aee 
also  Cl]),  At  switching  impulses  (s.i,), 
a,c,,  and  d.c,  voltage        is  independent 
of  pressure  and  equal  to  one  (k^  =  k^g^  = 
1,  fig.  2)  or  slightly  smaller  than  one 
for  very  long  stress  times  At  light- 

ning  impulses  the  stress  time  is  so  short 
that  the  number  of  starting  électrons  is 
very  limited,  Now  k^  is  random  and  has  to 
be  described  by  its  distribution  function. 


Pig,  2:  Modal  value  of  the  time  factor 

k^g_  and  of  the  roughness  factor 
e-fg^  (experimentally ) 


SFf  gas  pressure 

Pig,  3:  Rate  of  dispersion         for  the 
time  factor  k-^  and   v-f  for  the 
roughness  factor  e-^ 
(experimentally ) 

Starting  from  a  measured  double  exponen- 
tial  distribution  for  the  impulse  break- 
down  voltage  the  parameters  of 

the  double  exponential  distribution  for 
the  time  factor  k^,  the  modal  value  k^g^ 
(fig,  2,  l.i,)  and  the  rate  of  dispersion 
f  ^  (fig.  ^'^Tt  1  1  ^  were  calculated. 
Both  k^g^  and^^  decrease  with  increasing 
gas  pressiire,  Por  impulse  voltages  > 
^dlOO  (l^^eakdown  probability  p  =  1)  the 
parameters  k^g^  and        dépend  not  only  on 
the  gas  pressure,  but  also  on  the  stress 
time. 


Roughness  factor  and  random  changes  of 
the  micro-field:  At  lightning  impulses  ; 
the  motion  of  micro-particles  and  the 
formation  of  micro-discharges  cannot  j 
occur  and  the  roughness  factor  has  a 
fixed  value  e^  =  e^g^  =  1   (fig.  2). 
At  a.c,  voltage  but  also  at  swiitching  * 
impulses  the  micro-field  near  the  élec- 
trode is  randomly  changed  by  moved  par-  ■ 
ticles,  émission  processes,  micro-dis-  .i 
charges  at  protrusions  etc.  from  place  tof 
place  and  time  to  time.  The  roughness 
factor  e^  is  random  now  and  is  described  ; 
by  its  distribution  function.  Because  of  | 
the  double-exponentially  distributed 
breakdown  voltage  (a.c.  and  s.i,  ^^J)  thei 
roughness  factor  possesses  the  same  dis-  • 
tribution  with  the  modal  value  e^-g^ 
(fig.  2)  and  the  rate  of  dispersion 
(fig.  3).  On  the  other  hand,  e^g^  does 
not  dépend  on  the  kind  of  voltage,  but  ^  " 
for  a.c.  is  higher  than  for  s.i.  The  dif-' 
ferent  reasons  for  the  dispersions^^  and: 
^-f  were  shown  by  the  différents  dependen- 
ces  of^-(.  and  ■j*'^  on  pressi^re  (fig,  3):  At  ■ 
lightning  impulses  the  dispersion  of  the 
time  factor  is  caused  by  the  avalanche 
statistics  and^^  decreases  with  increa- 
sing pressure.  At  a.c.  or  s.i.  voltage 
the  dispersion  of  the  roughness  factor  is 
caused  by  the  micro-field  the  influence 
of  which  on  the  breakdown  process  is 
larger  at  higher  pressures  and       in-  i 
creases  with  increasing  pressure.  ' 
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EFFECT  OF  POLARITY  ON  THE  IMPULSE  BREAKDOWN  OF  SF^ 
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Abstract:    The  effect  of  polarity  on  the  impulse 
breakdown  of  SF5  and  the  influence  which  a  thin 
dielectric  coating  has  on  the  impulse  breakdown  for 
both  polarities  vas  studied  in  the  pressure  range 
of  1-7  bara  in  a  coaxial  cylinder  électrode  confi- 
guration. 

Introduction:    The  thought  of  establishing  a  simi- 
larity  law  for  the  breakdown  of  gases  dates  back  to 
the  end  of  the  previous  century.  Paschen  in  this 
thesis,  which  appeared  1398,  was  the  first  to  estab- 
lish  a  relation  between  the  breakdown  voltage  of  a 
gas  and  the  product  of  pressure  times  the  électrode 
séparation  for  plane  parallel  électrodes.  The  scien- 
tific  scepticism  about  this  relation,  the  so  called 
Paschen's  law,  started  to  grow  when  expérimental 
results  from  measurements  with  différent  électrode 


voltage  of  a  gas,  as  determined  expérimental ly,  is 
net  a  nonotonous  sinnle  valued  function  of  the  pro- 
duct pressure  p  times  the  électrode  séparation  d 
but  shows  a  minimum.  Further  more  it  was  found  that 
the  relation  between  breakdown  voltage  and  the  pro- 
duct pd,  at  values  of  pd,  which  are  either  lower 
or  higher  than  that  corresponding  to  Paschen's  mi- 
nimum, déviâtes  from  the  linear  one  and  that  the 
déviation  appears  earlier  for  small  électrode  sépa- 
rations d.  Ail  thèse  well  known  facts  are  summarized 
here  to  emphasize  that  from  t  le  beginning  it  was  al- 
ready  established  that  the  outcome  from  trials  made 
to  détermine  the  breakdown  voltage  of  a  gas  does  not 
only  dépend  on  the  composition  and  impurities  of  the 
gas  but  also  dépends  on  the  électrodes,  on  their 
constitution,  shape  and  surface  conditions  (such  as 
roughness  and  oxide  layers).  The  main  reason  for  the 
influence  of  the  électrodes  on  the  breakdown  voltage 
was  accepted  to  be  the  électron  émission  from  the 
électrode  surface  which  appears  at  elevated  macro- 
scopic  electrical  fields. 

In  slightly  asymmetrical  electric  fields,  such  as 
the  field  produced  between  two  coaxial  cylinders, 
there  is  expérimental  évidence  that  not  only  the 
électrode  shape  but  also  the  électrode  surface  con- 
ditions are  crucial  for  the  outcome  of  the  measure- 
ments especially  when  the  polarity  of  the  électrode 
with  the  smaller  radius  is  négative.  Moreover,  for 
electronegati ve  gases,  where  the  breakdown  voltage 
is  higher  than  that  for  non-electron-attaching  ga- 
ses the  déviations  from  the  similarity  or  Paschen's 
law  were  found  to  be  larger  and  to  appear  at  pres- 
sures which  are  lower  than  those  corresponding  to 
non-electron-attaching  gases.  The  application  of 
pressurized  electronegati ve  gases  for  the  insula- 
tion  of  high  voltage  switchgear  equipment  necessi- 
tated  an  intensive  research  on  the  breakdown  voltage 
of  electronegati ve  gases  and  especially  of  SF5  which 
besides  its  favorable  dielectric  properties  also 
processes  good  arc  quenching  properties.  CIGRE's 
study    committee  15  on  insulating  materials  has 
from  already  published  work  prepared  a  composite 


Paschen's  curve  for  5F5  and  the  déviations  from 
the  Paschen's  curve  at  différent  électrode  spa- 
cings  for  essentially  uniform  fields  [1].  The  dé- 
viations from  the  Paschen's  curve  appear  at  a  mean 
electrical  field  of  about  20  kV/mm. 

Results:    In  order  to  study  the  effect  of  polarity 
on  the  impulse  breakdown  of  SF5  and  the  influence 
which  a  thin  dielectric  coating  has  on  the  impulse 
breakdown  for  both  polarities  extensive  measure- 
ments were  performed  with  coaxial  cylindrical 
électrodes  with  diameters  of  70  and  30  mm  respec- 
tively  and  a  length  over  which  the  field  was  un- 
distorted  of  250  mm.  Figure  1  shows  the  1  %  posi- 
•  tive  lightning  impulse  (1.2/50  \js)  breakdown  vol- 
tage of  SF5  with  bare  polished  pure  aluminium  and 
with  polished  and  later  anodized  pure  aluminium 
inner  électrode  as  a  function  of  the  gas  pressure. 
For  comparison  the  1  %  breakdown  voltanes  of  air 
with  anodized  électrodes  are  also  given.  Figure  2 
shows  the  1  %  neqative  li^htninn  imulse  f  1.2/50  us) 
breakdown  voltage  of  SF^  and  air  with  the  sane  type' 
of  électrodes  as  those  in  figure  1.  The  1  %  break- 
down probabilities  of  bare  and  anodized  électrodes 
were  derived  by  applying  a  hundred  impulses  on  a 
new  électrode  pair  at  each  voltage  levé!  and  by  in- 
creasing  the  voltage  levels  by  small  steps  until 
the  first  breakdowns  occured.  This  measuring  pro- 
cédure seemed  to  be  the  most  suitable  since  it  re- 
duces the  influence  of  previous  breakdowns  on  the 
outcome  of  results.  The  profile  curve  of  the  po- 
lished électrodes  showed  that  the  différence  bet- 
ween the  crest  and  bottom  lines  of  the  profile 
curve  was  about  2-4  ym.  The  oxide  layer  thickness 
of  the  anodized  aluminium  électrodes  was  about 
10  m  and  the  différence  between  the  crest  and 
bottom  lines  of  the  profile  curve  of  the  anodized 
électrodes  was  about  1  vm. 

The  results  presented  in  figures  1  and  2  are  brief- 
ly  summarized  as  follows:    (a)    The  1  %  impulse 
breakdown  voltage  at  1  barg  is  within  the  accuracy 
of  the  experiments  almost  equal  both  for  bare  and 
covered  électrodes  and  for  the  two  polarities. 
(b)    At  higher  pressure  the  différence  between  the 
1  %  impulse  breakdown  voltage  for  positive  and  né- 
gative impulses  increases.    (c)    The  improvement 
due  to  the  anodization  of  the  électrodes  is  larger 
with  négative  polarity  making  the  1  %  négative  im- 
pulse breakdown  voltage  almost  equal  to  that  of 
bare  électrodes  with  positive  polarity. 

A  possible  explanation  of  thèse  results  is  that  the 
great  déviations  between  positive  and  négative  im- 
pulse breakdown  voltages  in  gases  such  as  SFg  and 
the  déviations  from  Paschen's  law  is  in  one  nand 
due  to  the  électron  émission  from  the  surface  and 
especially  to  the  électron  velocity  distribution 
and  on  the  other  hand  to  the  strong  réduction  of 
the  électron  attachement  cross  section  of  SFg  at 
relatively  low  électron  énergies  [2].  By  polishing 
and  by  anodizing  the  électrodes  the  électron  energy 
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Fig.   1.     Dependence  on  gas  pressure  of  thel  % 

positive  lightning  impulse  (1.2/50  ys) 
breakdown  voltage  of  SFg  and  air  with 
bare  polished  pure  aluminium  and  for  ano- 
dized  plished  pure  aluminium  inner  elec- 


distribution  may  change  and  the  energy  of  the 
électrons  in  the  tail  of  the  distribution  may  be 
reduced  so  that  the  électrons  become  attached  to 
the  gas  molécules  and  the  breakdown  voltage  in- 
creases . 

Summarizing  one  can  conclude  that  the  prédic- 
tions of  the  similarity  law  for  the  breakdown  vol- 
tage of  gases  such  as  SF5  and  the  expérimental  re- 
sults  are  not  antithetical  but  that  the  basic 
contradiction  between  the  prédictions  and  the 
expérimental  results  is  mainly  due  to  électrode 
effects  and  to  the  influence  of  the  measuring 
procédure  on  the  détermination  of  the  breakdown 
voltage. 


U  (kV)  Aluminium  électrodes 
800-|  1  1  


700- 


P(bora) 

Fig.  2.     Dependence  on  gas  pressure  of  the  1  % 
négative  lightning  impulse  (1.2/50  ys) 
breakdown  voltage  of  SFg  and  air  with 
bare  polished  pure  aluminium  and  for  ano- 
dized  polished  pure  aluminium  inner  elec-i 
trode .  \ 
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INTRODUCTION 

This  work  represents  an  additional  step  in  the 
systematic  development  of  the  theory  of  spark  chan- 
nel  formation  in  a  séries  of  publications  [l]  -  [9]- 
It  is  intended  to  further  emphasize  the  use  of  the 
mechanics  of  compressible  média,  in  particular  as 
related  to  the  fields  of  hypersonic  flow  and  déto- 
nation, to  elucidate  the  problem  of  gas  discharges. 
We  intend  to  show  that  the  paraboloidal  shock  front 
which  surrounds  the  advancing  tip  of  a  highly  con- 
ducting  spark  channel  will  degenerate  into  a  weak 
discontinuity  surface,  i.e.  a  sound  wave,  at  some 
distance  transverse  to  the  axis  of  the  channel.  A 
formula  for  the  time  of  the  transition  from  hyper- 
sonic to  sonic  motion  is  derived. 
THEORY 

The  hypersonic  analogy  provides  a  relation 
between  the  constant-energy  non-steady  similar  flow 
behind  the  blast  wave  arising,  i.e.  from  détona- 
tion, and  the  steady  hypersonic  flow  about  a  blunt- 
nosed  cylinder.     Its  value  lies  in  the  fact  that  it 
can  establish  the  asymptotic  behaviour  of  the  flow 
not  just  when  the  velocity  is  infinitely  large  but 
also  when  the  properties  of  the  flow  are  to  be  pre- 
dicted  at  moderate  super sonic  speeds.     Even  for  not 
too  slender  bodies,  the  drag  coefficient,  and  other 
aerodynamic  characteristics ,  remain  practically  un- 
changed  for  free  stream  Mach  number  greater  than  3 
or  h.     When  the  Mach  number  of  a  blunt-nosed  cylin- 
der and  its  bow  shock  shape  are  known,  then  the 
properties  at  every  point  on  the  shock  trajectory 
can  be  determined  from  cylindrical  blast  wave 
theory.     The  analysis  of  such  a  blast  wave  and  its 
application  to  hypersonic  flow  past  blunt-nosed 
slender  cylinder s,  was  developed  by  Swigart  [lO] 
to  third  order  in  inverse  Mach  number.     We  note  in 
passing  that  the  last  two  terms  in  the  séries  ex- 
pansion are  included  to  improve  the  accuracy  at 
later  times  after  the  initial  explosions,  while 
the  first  term  describes  a  solution  for  the  flow 
field  during  the  explosion  and,  as  such,  has  been 
used"  in  our  earlier  work  [l],   [3]  and  [6]. 


We  first  briefly  explain  the  relevance  of 

Swigart 's  analysis  to  the  theory  of  spark  channel 
formation.     Considération  of  the  processes  occur- 
ring  at  the  sharp  tip  leads  us  to  assume  that  at 
every  instant  the  energy  absorbed  in  the  tip  acts 
like  a  powerful  chemical  heat  release  which  drives 
a  shock  wave  in  ail  directions.     The  "chemical" 
heat  is  replenished  by  the  energy  of  électrons 
heated  by  electric  field  concentration  ahead  of  the 
tip,  and  then  transferred  to  the  heavy  charged  par- 
tiales behind  the  shock  front  via  Coulomb,  colli- 
sions.    As  the  field  concentration  is  strongest  at 
the  axis  of  the  channel  (the  radius  of  the  curva- 
tva-e  at  the  tip  is  smallest),  the  preferential 
heating  of  the  électrons  will  make  the  spark  chan- 
nel elongate  mainly  along  the  axis  of  the  channel 

(in  the  direction  of  the  strongest  shock  wave). 
Thus  the  mechanism  of  spark  channel  elongation  is 
quite  similar  to  the  détonation  of  explosive  mate- 
rials,  or  to  a  slender  body  in  hypersonic  flight. 
Note  that  introduction  of  thèse  concepts  has 
recently  provided  a  (satisfactory )  description  of 
a  long  (10  m)  spark  studied  by  Les  Renardières 
Group  (see  [7]  and  [9])  and  in  addition,  breakdown 

(U-curve,  critical  voltage  vs  distance,  etc.)  and 
related  characteristics  have  recently  been  derived 

[8]. 

From  Swigart  we  have  Eq.  (l) 

f  =  .7951  (C  )i(f)iri.it^f-^(f)^]  (1) 
d  D      d    L     m^Cd^     d  M^Cd 

which  describes  the  radius  of  the  shock  front,  R,  , 

about  a  blunt-nosed  slender  body  heraispherical  tip 

of  diameter,  d,  as  a  function  of  axial  distance 

from  the  nose,   (z/d),  flight  Mach  number.  M,  and 

nose  drag  coefficient,  C^.     (See  Fig.  1.) 


Flow  about  a  blunt-m 
steady  flight. 
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We  introduce        =  E/p^,  E  being  the  energy  per 
unit  length  of  the  slender  body,  and  p    and  p 
background  pressure  and  density  respectively  and 
by  définition  the  sound  velocity        =  YP^/P^  where 
Y  is  the  ratio  of  spécifie  heat. 

Thanks  to  the  hypersonic  analogy  we  can 
substitute  z/U     (where  U    is  the  velocity  of  undis- 
turbed  gas  with  respect  to  the  observer  fixed  in 
the  body)  for  the  time,  t,  thereby  relating  non- 
steady  flow  behind  the  blast  wave  to  steady  hyper- 
sonic flow.     By  définition  the  drag  coefficient  is 


''D  (■iïdV8)pU' 


Thus  Eq.   (l)  becomes 


_  2.2791  cHS] 


where  E  = 


EL  = 


3R 


The  velocity  of  the  radial  expansion  is  and  we 

calculate  the  time  when  the  hypersonic  motion  de- 
cays  into  a  sound  wave,  i.e.        =  C.     Taking  the 
Y  =  1.^,  we  find  from  Eq.   (2)  that  the  time  of  the 
transition,  t  ,  is 

.21755  E^ 
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Expérimental  vérification  of  this  theory  will  be 
attempted  in  our  companion  paper. 
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Expérimental  Evidence 

In  this  part  we  attempt  expérimental  vérifica- 
tion of  the  shock  theory  developed  in  Part  1 
[réf.  l].     The  object  of  thèse  experiments  is  to 
record  the  progress  of  the  shock  and  sound  waves 
associated  with  the  spark  channel  for  (a)  the  chan- 
nel  in  process  of  formation  and  (b)  the  completed 
channel,  when  the  shock  theory  is  expected  to  apply 
[réf.  2]. 

A  conventional  Schlieren  System  vas  used  com- 
prising  of  a  CW  argon  laser  (Model  556A  of  Control 
Corp.),  a  10  times  expander,  a  Schlieren  lens, 
knife  edge  (parallel  to  the  direction  of  the  spark 
channel)  and  a  TRW  (Quantrad)  image  converter 
caméra.     The  discharge  chamber  was  placed  behind 
the  expander.     The  radial  expansion  of  the  shock 
wave  was  observed  through  a  narrow  slit  placed  in 
front  of  the  caméra  and  perpendiciilar  to  the  spark 
channel  axis.     A  master  trigger  spark  gap  activated 
the  caméra  via  an  optical  pickup,  while  its  elec- 
trical  component  initlated  the  voltage  puise  to  be 
applied  to  the  discharge  chamber.     In  this  manner, 
the  jitter  was  kept  below  20  ns ,  and  permitted  good 
synchronisation  between  the  streak  record  of  the 
developing  channel,  Fig.  la,  and  the  voltage  ctir- 
rent  wave  forms,  Fig.  Ib,  as  well  as  between  the 
latter  and  the  streak  record  of  the  radially  ex- 
panding  shock  wave,  Fig.  le.     In  the  first  set  of 
experiments,  the  viewing  slit  was  positioned  about 
1  mm  above  the  cathode,  whereas  in  the  second  set 
it  was  placed  in  the  centre  between  two  pointed 
électrodes  made  of  1  mm  diameter  tungsten. 

For  the  first  set  of  experiments  using  the 
électrode  geometry  and  conditions  of  Fig.  g  in 
réf.  k,  the  energy  per  unit  length  of  the  develop- 
ing spark  channel  was  determined  in  two  ways. 
First,  it  was  calculated  by  dividing  the  average 
power,  P,  derived  from  the  voltage  and  current  wave 
form,  Fig.  Ib,  by  the  average  velocity  of  the  chan- 
nel (1.2  cm/us),  and  secondly  it  was  obtained  by 
dividing  the  energy,  E,  determined  by  intégrations 
of  the  VI  product  by  the  length  that  the  spark 
channel  has  traversed.     Thèse  results  are  depicted 
in  Fig.  2  by  squares  (the  crosses  dénote  error 
bars).      While  the  instantaneous  position  of  the 
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shock  can  be  determined  with  great  accuracy,  velo- 
city measurements  are  subject  to  considérable  error. 
In  Fig.  2,  theoretical  results  are  depicted  by 
straight  lines;  a  full  line  for  20°C  and  the  broken 
line  for  100°C  neutral  gas  température.  Sound 
velocities  measured  from  the  streak  records  indi- 
cate  that  the  température  rarely  exceeds  100°C, 
justifying  the  assumption  of  low  neutral  gas  tem- 
pérature in  the  glow,  as  utilised  in  our  theoreti- 
cal work.     This  is  further  strengthened  by  the  con- 
clusions of  réf.   3.     In  Fig.  le,  only  the  shock 
front  is  visible;  the  boundary  of  the  channel, 
termed  "leader"  in  réf.   3,  corresponds  to  our  con- 
tact surface. 

In  the  second  set  of  experiments,  we  studied 
the  radial  expansions  of  the  channel  for  a  com- 
pleted discharge  in  a  gap  of  3.2  mm  length.  The 
voltage  was  varied  between  11-13  kV,  and  the  energy 
was  stored  in  various  condensers  (8.5  -  2^00  pF). 
(The  lowest  point  in  Fig.  2  corresponds  to  a  capac- 
ity  of  8.5  pF  from  a  10  cm  long  àable  of  RG  8/U 
type.*  Such  sparks  are  useful  for  testing  photo- 
multipliers. )    The  discharge  circuit  consists  of  a 
condenser,  a  trigger  gap  and  the  gap  under  observa- 
tion.    An  attempt  was  made  to  minlmize  the  length 
of  leads  and  the  circuit  inductance.     In  the  calcu- 
lât ion  of  E^  (energy  per  unit  length  and  density) 
we  assume  that  this  energy  is  a  constant  in  the  two 
gaps  and  that  no  energy  is  consumed  in  the  leads. 

In  conclusion,  we  would  point  out  that  the 
transition  from  a  shock  to  a  sonic  wave  in  the 
vicinity  of  the  spark  channel  proceeds  as  predicted 
by  theory,  thus  the  concept  of  the  hypersonic  model 
for  spark  channel  development  is  further 
stengthened. 
Références  : 
[l]    As  in  Part  1. 

[2]     Freeman,  R.A.  and  Craggs,  J.D. ,  1969,  J.  Phys. 

D:     Appl.  Phys.  2  k21 
[3]     Kurimoto,  A.,  Farish,  0.  and  Tedford,  D.J., 

1978,  Proc.  lEE,  125,  767. 
[h]    Kekez,  M.M.  and  Savic,  P.,  1978,  Proc.  lEE  5th 

Int.  Conf.  Gas  Discharges,  Liverpool,  336. 


In  this  case,  the  gap  was  reduced  to  1.2  mm. 
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(a) 


Fig.  1  (a)  Streak  photograph  of  arrested 
discharge  in  air  at  250  Torr  gas  pressure 
and  2.15  cm  gap  length.  The  developing 
spark  channel  starting  at  the  cathode  was 
depicted  as  the  bright  area  on  the  photo- 
graph. 

(b)  V-voUage  waveform  (20KV/div) 
I-current  waveform  (lOOA/div) 
P-calculated  power  (lO^W/div) 
E-energy  (2x10^  ergs/div) 

One  horizontal   division  equals   .5  ys. 

The  waveforms  are  synchronized  with  the 

streak  photograph. 


VF,  CcmVo 


Fig.  2    Time  of  transition  from  hypersonic 
to  sonic  motion,  t^  vs(the  energy  per  unit 
length  and  density  supplied  to  the  blast 
wave,  jheoretical  results  are  depicte 

by  straight  lines. 


li  R(cm) 


2       4       6  t(ys) 


Fig.  l(c)  Radial  expansion  of  shock  wave 
due  to  developing  spark  channel. 
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1. Introduction :There  have  been,  so  far,  many  inves- 
tigations on  arc  dynamics,  since  it  is  important 
for  circuit  breakers .  However,  little  work  has  been 
reported  dealing  with  the  energy  relaxation  effect 
of  électrons  on  dynamic  characteristics .  The  relax- 
ation time  of  the  électron  energy  is  gênerai ly  a 
strong  fonction  of  the  électron  density  and  tempe- 
rature.  Therefore,  in  low  électron  densities  and 
températures  the  energy  relaxation  time  can  proba- 
bly  dominate  the  arc  dynamic  characteristic . 

The  objective  of  the  présent  study  is  to  investi- 
gate  expérimental ly  the  influence  of  the  energy  re- 
laxation effect  on  dynamic  characteristics.  Argon 
arcs  at  0.1  atm  pressure,  which  were  in  the  région 
of  the  électron  density  5 ■  10^~10^^ (cm""^)  and  the 
électron  température  0 . 72~1 . 08 (eV) ,  were  investi- 
gated . 

2.Experiments :The  arc  source  employed  in  this  ex- 
periment  is  a  wall-stabilized  type  arc  which  has  an 
arc  radius  of  5  mm  and  a  length  of  7  cm.  The  inter- 
electrode  voltage  was  traced  when  a  small  current 
was  injected  into  the  arc  column  bumed  at  various 
constant  DC  currents.  A  small  current  was  injected 
through  a  thyristor  switch  from  a  current  source 
parallel  with  the  main  current  source.  The  time 
history  of  the  plasma  parameter  was  obtained  by 
spectroscopic  measurements .  In  the  measurements , 
argon  gas  seeded  with  hydrogen(0.1  %  volume  ratio) 
was  partly  used  to  détermine  the  électron  density 
from  the        line  width. 

S.Results  and  Discussions:  Typical  plasma  parame- 
ters  in  the  central  core  of  the  arc  are  listed  in 
Table  I  for  our  expérimental  conditions.  The  arc 
current  I^  is  the  value  before  the  current  injec- 
tion. The  électron  density  and  température  T^ 
were  expérimental ly  determined;  namely  N^from  the 
Hg  line  width  and  T^  from  the  absolute  continuum 
radiation  strength[l].  The  gas  température  T^  was 
obtained  through  a  kinetic  formula  using  the  meas- 
ured  density  and  température  of  électrons. 

The  relaxation  time  for  the  électron  kinetic 
energy  is  obtained  by  the  following  formula. 


al  plasma  paramete: 
c  at  0.1  atm  pressi 


in  the  central 


'ef.[3]  was  used  for  the 
found  in  Table  I 


^  ea  a  ei 

where  the  value  reported  by  Devoto[2]  was  used  for 
the  intégral  Q..  The  relaxation  time  t^^  for  the 
ionization  is  also  calculated  by  the  following 
équation, 

fi  '  N 
ea  a 

where  the  value  found  in  : 
ionization  cross  section.  It 
that  Tj-g  is  more  than  one  order  higher  than  in 
the  same  current,  and  that  both  relaxation  times 
are  strongly  dépendent  on  the  électron  density  and 
température . 

Figure  1  shows  the  time  history  of  the  Arl  6965 
line  intensity,  where  the  value  of  the  injected 
current  is  20  %  of  the  I^  value.  The  line  intensity 
at  first  decreases  from  the  pre-steady  state  value 
just  after  the  current  injection,  resulting  from 
the  increase  in  the  électron  température.  The  time 
scale  for  changing  the  électron  température  is  con- 
sistent with  the  value  of         in  Table  I. 
Furthermore,  the  line  intensity  commences  to  in- 
crease after  50~100  (ys)  from  the  current  injec- 
tion. This  time  corresponded  to  the  increase  in  the 
électron  density,  which  was  confirmed  by  the  time 
variation  of  the        line  profile.   In  Fig.l,  the 
ionization  relaxation  time  becomes  longer  at  lower 
arc  currents.  In  the  case  of  1^=30  (A),  the  line 
intensity  does  not  seem  to  saturate  in  the  obser- 
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from 


reported  by  Devoto[4].  It  can  be  concluded, 
the  above  discussion,  that  LTE  criteria  for 
dynamic  characteristics  are  more  severe  than  those 
for  static  characteristics. 

Figure  2  shows  the  time  dépendances  of  the  inter- 
électrode  voltages  in  the  cases  of  I  =  30  and  150 


(a). 1^=30  (A) 
The  time  scale 
is  I00(ijs/Div)  . 


(b). 1^=150  (A) 
The  time  scale 
is  50(ps/Div) . 


Fig.l,  Time  history  of  the  Arl  6965  line  inten- 
sity.  Arrows  indicate  the  time  of  the  current 
injection.  The  time  scale  is  100  (ys/div) . 

vation  time,  but  it  required  more  than  1  (ms) .  The 
figure  makes  clear  that  the  ionization  relaxation 
time    becomes  longer  at  lower  électron  densities 
and  températures.  This  tendency  is  consistent  with 
that  in  Table  I.  However,  the  absolute  values 
differ  from  the  values  of  t^^  in  Table  I  by  a 
factor  of  4  or  more.  The  discrepancy  may  be  due  to 
the  uncertainty  in  the  measured  values  of  électron 
températures,  since  t^^  is  a  strong  function  of 
the  température  T^.  For  example,  the  différence  of 
10  %  in  T^  gives  an  error  in  1^^  by  a  factor  of  3. 

As  mentioned  above,  the  time  for  changing  the 
électron  température  is  short,  but  the  électron 
density  changes  more  graduai ly.  Thèse  facts  verify 
that  an  assumption  of  LTE  is  not  valid  for  analy- 
ses of  dynamic  characteristics  in  low  densities 
and  températures.  The  validity  of  the  LTE  assump- 
tion was  verified  for  the  steady  state  at  arc  cur- 
rents  more  than  150(A)[1].  The  vérification  was 
made  not  only  by  spectroscopic  measurements ,  but 
also  by  comparisons  between  the  measured  and  cal- 
culated  "ER-l/R"  characteristics.  The  measured 
"ER-l/R"  characteristics  were  in  agreement  with 
those  calculated       using  the  transport  properties 


Fig.2,  Voltage  response.  Arrows  indicate  the  i 
of  the  current  injection. 


The  voltage  response  is  certainly  effected  by  a 
long  time  constant  for  the  ionization . In  the  case 
of  I^=150(A),  the  voltage  transfers  to  the  next 
steady  state  in  400 (us).  The  transfering  time  is 
almost  the  same  as  that  of  the  Arl  line  intensity 
in  Fig.l(c).  The  voltage  in  the  case  of  I  =30 (A) 
still  does  not  reach  the  next  steady  state  in  the 
observing  time.  This  behavior  also  corresponds  to 
the  response  of  the  Arl  line  intensity  in  Fig.l (a), 
The  later  stage  of  the  voltage  response  is  found 
to  be  characterized  by  the  relaxation  time  for  the 
ionization. 

4.  Conclusion:Arc  dynamic  characteristics  were  in- 
vestigated  from  the  point  of  the  électron  energy 
relaxation  time.  The  time  for  changing  the  élec- 
tron température  is  short, but  the  électron  density 
changes  more  slowly  in  low  électron  températures. 
As  a  resuit, the  voltage  response  is  effected  by 
the  long  time  constant  for  the  ionization. 

5.  Références 
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Introduotlontlp.  reoent  years  increasing' 
attention  bas  been  paid  to  tbe  investiga- 
tions of  the  stationary  turbulent  beam 
iiscbarge  plasma,  nonresftnant  beated  by 
Langmuir  waves,  especially  under  the  as- 
pect of  application  in  plasma  chemistry 
^1/.  Thus  it  is  important  to  investigate 
the  kinetios  of  the  électron  component  of 
such  type  of  discharge  plasma  because  the 
înergy  input  by  the  turbulent  electric 
field  oocurs  via  the  électron  ensemble 
Lnto  the  degrees  of  freedom  of  the  heavy 
somponents  of  the  plasma  by  binary  colli- 
sions cind  Coulomb  interaction.Within  cer- 
tain liBilts  the  dominance  of  spécial  ener- 
gy  transfer  channels  can  be  optimized  by 
irariation  of  the  discharge  parameters. 
rheoretical  background tWe  started  from 
bhe  Boltzmann  équation  including  turbulen* 
tieating,elastic  and  several  direct  inela- 
Btic  collisions  between  électrons  and  mo- 
lécules as  well  as  the  interaction  of  élec- 
trons with  électrons  and  with  the  ions  in 
bhe  form  of  Fokker-Planck  terms.The  équa- 
tion obtained  for  the  isotropic  part  of 
bhe  velocity  distribution  function  was  nu- 
aerically  solved  for  total  turbulence 
Bnergies  per  one  électron  U  and  degrees 
Df  ionization  (n^/N)^  in  a  large  range  of 
«values  in  whioh  such  beam  discharge  plas- 
oaas  exist.  The  method  necessary  to  solve 
the  Gomplex  integro-diff erential  équation 
was  developed  in  /2/,/3/,This  treatment 
bas  proved  suitablo  for  calculating  the 
quantitative  behaviour  of  the  électron 
component  and  the  energy  transfer  situa- 
tion in  beam  plasmas  with  molecular  gases. 
In  this  paper  we  report  about  new  resuit s 
in  nitrogen.For  calculation  we  used  the 
cross  sections  for  impulse  transfer, for 
vibrational  and  electronic  excitation  and 


direct  dissociation  and  ionization  from 
A/. This  investigation  in  nitrogen  and  the 
Gomparison  with  the  former  results  in  hy- 
drogen  /3/  allow  conclusions  about  the 
spécifie  influence  of  the  molecular  pro- 
perties  on  the  macroscopic  behaviour, 
Results  and  discussion;  Because  of  the 
chosen  broad  intervais  for  U  and  n^/N 
great  changes  in  the  dominant  prooesses 
determining  the  distribution  function 
f^(U)  are  to  be  expected.This  is  reflec- 
ted  in  the  behaviour  of  f^,(U)  -  U  momen- 
tary  électron  energy  in  V  -  which  are 
shown  for  nitrogen  and  hydrogen  in  Fig.  1 
for  n^/Ezz^o"^  and  U=o.16V,o.o16V,o.oo16  V 
and  in  Fig.  2  for  U=o.o16  V  and  n„/N=1o~'', 
1o    ,  1o  -^.From  this  we  obtained  the  mean 
energy  Ûy,  shown  in  Fig.  3  as  function  of  TJ 
for  n^/Ks-lo    ,  1o      and  1o       It  can  be 
easily  seen  that  the  qualitative  depen- 
dence  on  the  parameters  U  and  n^/N  is  the 
same  in  nitrogen  and  hydrogen,  which  sug- 
gests  that  the  qualitative  behaviour  of 
the  électron  mean  energy  with  U  and  ûq/N 
shows  no  sensitive  dependence  on  the  natu- 
re of  molecular  gases  in  the  beam  dis- 
charge plasma.  More  detailed,  Uj^  ^is 
smaller  than         in  a  broad  mediêm-sized 
range  of  U  for  ?he  same  values  of  n^/N  due 
to  the  dominant  rôle  of  the  binary  colli- 
sions of  électrons  with  the  molécules, 
especially  in  nitrogen  with  its  more  com- 
plicated  structure  concerning  the  vibra- 
tional  levels,  At  very  small  U  we  find 
Ûjj  >  ÏÏg  ,  which  is  primarily  due  to  the 
bii  energy  losses  in  the  electrourion  in- 
teraction for 

The  power  input  s  P^=U  ^gff/Po  pe^"  one 
électron  and  per  one  Torr  (with  ^gff/PQ  a-s 
the  normalized  effective  frequency  for 
turbulent  heating  /2/,  /3/)  are  shown  in 
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tig.^.The  big  différence  of  the  P-valuea 
for  very  small  U  is  nearly  proporfcional  to 
iIq/N  due  to  the  strong  electron-ion  inter- 
action in  H2  in  comparison  with  Witli 
incrdased  U  both  values  of  P  are  neaj?ly 
the  same  in  a  broad  range  of  U  and  Hg/N, 
The  small  différences  are  connected  with 
the  différent  structures  of  the  molecular 
gases  and  thus  with  the  behaviour  of  the 
corresponding  distribution  functions 
(Figs.  1,2). 

In  Figs.  5,6  the  energy  losses  Ù®^,  Û®^, 
Û^,  Û^^,  Û^^,  Û-"^  for  elastic  and  électron- 
ion  interaction,  vibrational  and  electro- 
nic  excitation  as  well  as  dissociation  and 
ionization  related  to  the  total  energy 
loss       are  repreaented  for  n.^/N=']o~^ ,^o''^. 
Comparing  the  losses  in       and  N2  we  ob- 
serve great  différences  with  regard  to  the 
essential  energy  channels  by  which  the 
greatest  amount  of  energy, introduced  from 
the  turbulent  field,  is  dissipated  to  the 
molécules.  In  H2  the  energy  loss  by  elec- 
tron-ion interaction  prevails  at  low  U, 
then  in  some  range  of  U  the  loss  by  vibra- 
tional excitation  and  f inally  at  high  U 
the  loss  due  to  dissociation  plays  the  do- 
minant rôle.  On  the  other  hand  in  N2  the 
vibrational  energy  loaa  is  dominant  nearly 
in  the  whole  range  of  U  aind  only  at  high  U 
the  excitation  of  electronio  states  pre- 
vails.Finally,  with  increasing  n^/N  a  re- 
markable  shift  of  the  différent  loss  pro- 
oessee  in       as  to  their  dominant  rôle  oc- 
curs  but  in  N2  there  is  only  a  change  of 
the  range  of  U  in  which  energy  losses  due 
to  vibrational  and  electronic  excitation 
prevail. 
J^eferences: 
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ntroductlon.  The  complexitles  involved  in  the 
inalysls  of  an  arc  liranersed  in  a  flowing  médium 
lave  naturally  led  to  a  large  number  of  simplified 
ormulatlons  including  (1)  the  intégral  method  /l/, 
2)  the  one-dlmenslonal  approach  /2,3/,  and  (3)  two- 
:one  model  /A/.     The  présent  paper  présents  the 
lumerlcal  solutions  of  the  coupled,  non-linear  con- 
lervatlon  équations  applied  to  the  case  of  an  argon 
rc  within  a  converging-diverglng  nozzle  and  sub- 
ected  to  supersonic  flow  (in  the  downstream  portion 
f  the  nozzle).     An  ultimate  objective  is  the  deter- 
linatlon  of  the  behavior  of  a  dynamlc  plasma  as  It 
s  current  ramped  to  current  zéro  (and  voltage 
amped  after  current  zéro)  -  i.e.,  the  circuit  in- 
erruption  problem.     The  présent  work  describes  the 
teady-state  solutions  obtalned  and  needed  for 
olution  of  the  dynamic  arc.     The  analysis  Includes 
eal  gas  effects,  turbulence,  and  (optlcally  thin) 
adiation. 

ormulation.  The  conservation  équations  -  mass, 
,  and  energy  -  are  wrltten,  respectively 


1^  +  V-(pV)  =  0 
_3_(pV) 


V-(pW  -  x)  =  0 


(2) 


^(Pes)  +  v.(pesV  +  q  -  V-t)  =  J-E  -  (3) 
ogether  with  the  équation  of  state 

P  =  p  (P,e)  (4) 
nd  Ohm 's  law 

J  =  oÊ  (5) 
where  e  =  internai  energy,  eg  =  e  +      V^,  E  = 
lectric  field,  J  =  current  density,  p  =  pressure, 

=  beat  flux,  Qj.  =  radiation  power  density,  t  = 
ime,  V  -  velocity,  p  =  density,  a  =  electrlcal 
onductivity,  t  =  stress  tensor) . 

urbulent  effects  are  included  through  the  Prandtl 
ixing  length  model  with  turbulent  shear  stress 
iven  by 


3u 

■  '^t  87 


(6) 


th 


(^-^t)|\ax-  "coldl 
nd  /5/ 

c  =  1.4  X  10  ^ 
nd  turbulent  beat  flux  given  by 
q'  =  -  k  ""^ 


t  8r 


ith 


\  =  2pCpC(z  -  Z,)|U^^,,| 


where  Cp  =  spécifie  beat  at  constant  pressure,  r  = 
adial  coordinate,  u  =  axial  velocity,  U^old 
xial  velocity  outside  arc,  V^^^.  =  axial  velocity 
t  centerllne,  z  =  axial  coordinate,  z^  =  axial 
ocation  of  throat,  e  =  eddy  diffusivlty,  = 
urbulent  vlscosity. 

he  arc  is  placed  within  the  converging-diverglng 
ozzle  configuration  shown  in  Fig.  1;  axial  loca- 
ion  z  =  0  represents  the  origin  of  the  plasma. 


'Experlments  are  belng  conducted  uslng  a  nozzle 
design  similar  to  that  shown  in  the  figure  /6/. 

Solutions  of  the  governing  conservation  équations 
are  obtalned  using  a  Lax-Wendroff  type  two  step, 
explicit,  second  order  accurate  finite  différence 
method  /7/,   together  with  the  concept  of  tlme  split- 
ting.     A  time  dépendent  approach  is  employed  to 
solve  the  steady-state  problem  (enabllng  essentially 
the  same  numerical  procédures  to  be  used  with  the 
dynamic,  ramped  plasma).     Starting  with  assumed 
initial  conditions,  the  time  dépendent  équations 
.  are  solved  to  obtain  the  steady-state  solution  as 
the  asymptotic  tlme  llmit  of  the  non-steady  équa- 
tions.    A  coordinate  transformation  is  used  to 
transform  the  converging-diverglng  nozzle  into  a 
circular  channel  of  constant  area 

X  =  z,  Y  =  r/R(z) ,  t  =  t'  (8) 
(where  R(z)  =  nozzle  radius). 

Further,  the  équations  in  the  transformed  coordi- 
nates  are  written  in  conservation  forni 
3U  ^  çHF  ^  8G,  ^  ,  _  „ 


3t 


3X 


3Y 


where  U,  F,  G,  and  S  are  f our-dlmenslonal  vectors 
and  S  is  the  source  term  vector  that  contains  ail 
the  terms  that  are  not  expresslble  as  derivatives 
of  the  Independent  variables  In  eqn.  (9). 
The  basic  physical  inputs  are  (1)  steady-state  arc 
current,  I  =  700  A  and  (2)  stagnation  pressure  = 
10  atm,  whlch  results  in  an  exlt  pressure  of  '^l  atm. 
The  mass  flow  is  not  known  a  priori  and  is  obtalned 
as  part  of  the  solution.     In  the  présent  case,  the 
argon  mass  flow,  m,  is  'vlOO  g/s. 

Results .  Axial  distributions  of  centerllne  tempéra- 
ture, T^,  and  centerllne  axial  velocity  U-,  are 
shown  in  Flg.  2.     The  initial,  relatively  large 
température  and  the  subséquent  réduction  with  axial 
location  is  associated,  at  least  to  the  throat,  with 
the  small  Initial  dlameter  and  the  resulting  ex- 
pansion of  the  column.     As  seen  in  the  figure,  the 
effect  of  turbulence  is  to  reduce  both  the  velocity 
and  température  as  compared  to  the  laminar  case. 
The  arc  dlameter,  D  is  defined  through  the  radial 
location  of,  say,  the  5000  K  isotherm.     On  this 
basis  and  representing  the  dlameter  in  the  form 
D  a  z",  the  value  of  m  is  found  to  be  '\'0.5.     For  a 
nitrogen  arc  in  a  converging-diverglng  nozzle  and 
using  (1)  a  two-zone  model  /5/,  m  '^^0.6  and  (2)  a 
one-dimensional  model  /2/,  m  '^^0.25.     Radial  distri- 
butions of  température  and  velocity  are  given  in 
Figs.  3  and  4,  respectively,  at  two  axial  locations 
-  z  =  2.15  cm  (slightly  downstream  of  the  throat 
and  z  =  9.6  cm  (near  the  exit) .     The  expansion  of 
the  column  downstream  of  the  throat  is  clearly 
évident  as  is  the  broad ,  warm,  but  not  electrlcally 
conducting,  région  near  the  exit. 
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Ail  dimensions  in  cm. 
Flg.  1.     Nozzle  configuration. 


Radial  distributions  of 
température  at  z  =  2.15  and 


Fig.  2.    Axial  distributions  of  centerline  ^ 

température  and  centerline  axial  Fig.  4.     Radial  distributions  of  axial 

velocity.  velocity  at  z=2.15  and  9.6cm. 
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The  formation  and  propagation  of  ionizing  wa- 
ves in  a  gas  discharge  under  pulsed  electric  field 
is  essentially  governed  by  the  space  charge  field 
that  super  imposes  the  applied  field  E^. 

We  aim  to  investigate  the  effect  of  certain  pa- 
rameters,  namely  the  reduced  field  E^/P  and  plas- 
ma initial  conditions,  on  the  structure  of  the  resul- 
ting  ionizing  wave,  and  particularly  on  the  forma- 
tion of  intensive  local  gradient  for  both  the  electrcn 
densities  and  field.  This  turns  to  be  évident  at  the 
discharge  tip  and  is  a  characteristic  of  the  shock 
effect.  It  is  found  that  the  shock  formation  is  not 
only  related  to  the  conditions  of  gas  pressure  and  the 
applied  electric  field  but  it  dépends  also  upon  the 
spatio-temporal  distribution  of  the  initiating  prima- 
ry  électrons. 

The  one  dimensional  continuity  équations  des- 
cribing  the  ionization  growth  are 

ôhe  ^  ^(""^evc)    =  «  Ve  ne       <1  ^ 

The  calculation  of  the  resulting  space  charge 
field  in  a  filamentary  discharge  is  calculated  by  the 
method  of  dises  (1).  The  boundary  conditions  on  the 
électrodes  are  the  foUowing  : 

^£  ^0  ^'        cathode  x=0 

ÔX  £«  at  the  anode  x=d 

On  the  other  hand,  n^(d,  t)=0  on  the  anode  sur- 
face is  implied  by  the  condition  I  (d,  t)  =  0  for  a  con- 
tinuous  analysis  of  the  discharge,  but  for  a  numeri- 
cal  analysis  time  and  space  discrétisation  introdu- 
ced  a  better  conditionn^(<J,t4Al)=n^(J,t) I- Y 
which  improves  both  the  stability  and  précision  of 
the  numeric  solution.  The  boundary  conditions  for 
the  electronic  current  on  the  cathode  surface  is 


]J(  X  )  is  a  function  that  takes  into  considération  the 
geometrical  factor  and  the  secondary  effects. 

Davies  (2)  has  shown  that  the  numerical  solu- 
tion of  this  System  was  improved  by  making  use  of 
the  continuity  équations  for  the  net  charge.  The  Sys- 
tem was  solved  by  the  method  of  double  characte- 
ristics  for  both  average  «100  %)  and  high  overvol- 
tages(>100  %).  To  investigate  the  discharge  at  high 
overvoltage,  the  System  was  solved  for  the  only 
part  of  the  gas  including  the  discharge  perior  to 
shock  formation.  This  procédure  permitted  the  use 
of  smaller  space  incréments  leading  to  increased 
précision  and  stability  without  any  increased  Com- 
puting time.  The  boundary  conditions  for  the  catho- 
de were  left  inchanged  while  those    for  the  virtual 
anode,  assumed  at  distance  x   =  d/4  or  d/8  were 
n^(x   ,t)=n^(x   ,t)=0.  The  field  outside  the  dischar- 
ge région  is  assumed  equal  to  the  applied  field  E^, 
and  hence  we  are  led  to  the  condition 

We  investigate  the  influence  of  the  initial  conditions 
on  the  évolution  of  the  discharge  and  particularly 
on  the  formation  of  the  électron  shock  wave.  The 
time  function  of  the  primary  électrons  liberated  by 
the  ultraviolet  hight  flash  from  the  cathode  I  (t) 
was  simulated  as  1^(1)-  ^  exp(-t^/T^)  and  the  com- 
putation  was  carried  out  for  différent  values  of  the 
parameter  T,  representing  width  of  the  UV  flash. 

We  have  studied  the  discharge  in  nitrogen  un- 
der homogeneous  applied  field  created  by  plane  pa- 
rallel  électrodes  distance  3  cm  apart.  The  élec- 
tron cloud  is  evolved   in  three  successive  phases 
(fig.  1).  In  the  first  phase  the  space  charge  effect 
is  negligible  and  the  électron  cloud  conserves  its 
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gaussian  profile.  In  the  second  phase,  the  space 
charge  effects  are  more  important  and  the  field  bet- 
ween  the  électrodes  is    non  uniform.  One  observes 
an  enlargement  of  the  électron  cloud  towards  the 
électrodes.  The  cloud  loses  its  gaussian  profile. 
Taking  into  considération  the  rôle  of  the  electric 
field, both    velocity  and  amplification  are  not  the 
same  for  ail  points  of  the  profile  with  the  resuit  of 
deforming  progressively  the  profile.  The  electro- 
nic  density  gradient  increases  to  end  towards  the 
shock  conditions.  The  foUowing  is  a  rather  rough 
explanation  for  this  évolution.  If  one  considers  a 
profile  of  électron  density  and  a  repartition  of  the 
field  as  defined  on  fig.  2,  from  équation  (1)  and  (2), 
the  électron  density  area  n^  is  moving  towards  both 
cathode  and  anode  with  foUowing  speeds 

v/=Volof./k  +  i)  v.(c(./k-0 

V    is  the  drift  velocity,  first  Townsend  coefficient 
in  a  field  near  to  appïied  field  E^.  The  peak  of  e- 
lectron  density  n^    is  moving  with  foUowing  veloci- 

The  resuit  is  that  V^'V  V*  and  y^'^'V^  which 
yields  an  important  modification  of  the  wave  profi- 
le ending  by  a  strong  shock  wave  (see  fig.  3).  It  is 
found  that  the  shock  effect  is  much  more  strong  on 
the  electronic  density  level  than  that  of  the  electric 
field  where  the  variation  is  less  severe.  Thus  one 
can  verify  only  partially  the  Albright  hypothesis(3) 
which  is  realistic  as  much  as  concerning  the  élec- 
tron density  but  less  realistic  as  concerning  the 
résultant  electric  field.  The  appearance  of  a  shock 
wave  is  highly  conditionned  by  the  profile  of  the  e- 
lectron  cloud  and  that  is  why  it  is  very  sensitive  for 
the  function  I^(t).  This  function  implies  directly  the 
same  number  of  the  cathode  emitted  électrons  for 
différent  électron  avalanche  profiles.  Fig.  1  shows 
the  propagation  of  the  maximum  of  électron  densi- 
ty as  function  of  the  UV  flash  width  measured  by  T 
untill  the  formation  of  the  shock.  It  is  clear  that 
the  shock  development  is  more  fast  for  narrower 
flashes  and  for  higher  E^P  values.   We  observed 
the  same  shock  conditions  for  high  overvoltages 
only  few  nanosecondes  after  the  application  of  the 
high  voltage  puise. 


Fig.  2.  Schematic  diagram  of  électron  cloud 
and  field  profile. 
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ABS TRACT 

We  report  the  existence  of  a  région  within  which  en- 
hanced  arcing   (activation)   exists  for  palladium  and  pal- 
ladium/ silver  contacts,   as  a  function  of  arc  current  and  of 
exposure  to  organic  vapors.     The  current  range  where  acti- 
vation exists  is  from  -0.1  to  -1.2  A,  where  the  range  of 
exposures   (partial  pressure  times  time)   used  for  diethyl 
phthalate  was  from  -lO""^  to  -10  Pa  s.     At  very  low  organic 
exposure  levels   (depending  upon  the  organic  vapor  and  the 
électrode  métal) ,  arc  duration  statistics  show  an  exponen- 
tial  behavior.     Under  moderate  to  high  organic  exposure 
levels,  arc  duration  statistics  show  a  log-normal  distri- 
bution similar  to  that  obtained  under  clean  conditions  when 
the  arc  current  exceeds  the  minimum  arc  sustaining  current. 
At  sufficiently  high  currents  arc  duration  statistics  become 
independent  of  organic  exposure.  The  envelope  of  the  acti- 
vated  curves  is  predicted  by  the  activation  theory  of  Gray, 
Uhrig  and  Hohnstreiter . 


JOURNAL  DE  PHYSIQUE  Colloque  C7 ,  supplément  au  n°7 ,  Tome  40,  Juillet  1979, page  C7-  269 


G.R.  Jones,  M.R.  Smith,  M.  Irie,  H.  L.  Walmsley*  and  D.C.  Strachan*. 

Department  of  Electrical  Engineering  &  Electronics,  University  of  Liverpool,  Liverpool  L69  2BX, 
^Eng land. 

Shell  Research  Ltd.,  Thomton  Research  Centre,  P.O.  Box  1,  Chester,  England. 


1.  INÏH01;UCTIUN. 

Récent  developments  of  the  boundary  layer 
intégral  analysis  (e.g.   (l))  for  gas  blast  arc 
modelling  have  highlighted  the  importance  of 
correlating  the  local  arc  voltages  and  the  cross- 
sectional  areas  of  such  arc  columns.     This  paper 
présents  expérimental  results  which  are  examined 
to  détermine  whether  such  a  simple  corrélation 
exists  for  very  high  current  gas  blast  arcs  as 
has  already  been  demonstrated  for  current  levels 
a  few  kiloau.pere^  (2). 

2.  EXPKRIHLNTAL  CONLITIONS  khh  ^.KAi.UKE^:I.NTS . 
The  results  presented  are  for  arc  discharges 

sustained  by  alternating  current  waveforms  of 
frequency  80Hz  and  peak  currents  ^0  -  90kA.  The 
discharges  were  confined  to  burn  in  axially 
accelerating  flows  of  air  or  i^Fg  passing  through 
a  50mm  diameter,  30mm  wide  orifice  and  sustained 
by  upstream  and  downstream  pressures  of  7.8  bar  and 
1  bar  respectively.     The  upstream  électrode  (sin- 
tered  copper-tungsten  mixture)  was  cathodic  during 
the  arcing  half  cycle. 

Voltages  at  différent  axial  positions  along 
the  arc  were  measured  using  a  2mm  diameter  tung- 
sten  rod  penetrating  radially  into  the  arc  column, 
and  biased  electrically  to  draw  électron  current. 
Ûnly  a  small  number  of  local  voltage  measurements 
were  taken  under  the  présent  operating  conditions 
on  account  of  the  limited  probe  life,  combined 
with  the  limited  reproducibility  of  the  arcing 
conditions  which  necessitated  a  large  number  of 


tests  being  performed  for  each  représentative 
condition. 

High  speed  photographs  of  the  arc  were  taken 
with  a  Beckman-Whitley  Dynafax  350  framing  caméra 
at  framinp  rates  of  1  -  2  x  10  pps,  exposure  times 


,  of  1.3  -  2.6  ^s 

exposure  was  ens 
density  filters. 
The  arc  curr 


1  aperture  of  f/22.  Adéquate 
ising  appropriate  neutral 


voltage  and  up- 
stream pressure  were  monitored  respectively  with  a 
0.2m  Si  coaxial  shunt,  a  Tektronix  type  F6OI5 
voltage  probe  and  a  Kistler  6OIA  pressure  trans- 
ducer  in  conjunction  with  a  5001 , charge  amplifier. 
3.     EXPEKIKtJ^TAL  kESlLTS. 

Typical  averaped  results  (105.  scatter)  for 
the  axial  évolution  of  the  cross-sectional  area  of 
the  luminous  arc  core  for  différent  instantaneous 
current  values  are  shown  on  Fig.1  for  both  air  and 
SF.. 


Fig.  1 


ijince  steep  température  gradients  exist  at  the 
core  boundary  of  such  arcs  (e.g.  (3))  the  mea- 
sured luminous  boundaries  should  also  approxi- 
mately  coïncide  with  the  electrical  boundary  (2), 
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provided  there  are  no  substantiel  departures  from 
local  thermal  equilibrium. 

The  70kA  curve  (Fig.l)  which  corresponds  to  an 
instant  following  the  90kA  peak  current  curve  also 
given  on  the  same  figure,  shows  an  anomalous  lumi- 
nous  area  variation  downstream  of  the  nozzle  exit 
which  is  due  to  severe  evaporation  of  the  nozzle 
wall  caused  by  intense  radiative  heating. 

The  measured  values  of  the  electrical  core 
area  6(z)  (fig.l)  may  be  used  in  conjunction  with 
a  simple  channel  arc  modal  (electrical  conducti- 
vity,  cT  ,  radially  constant)  to  give  local  voltage 
values  V(z)  according  to 

where    i     is  the  instantaneous  current.     For  a 
channel  température  of  2  x  lo'^K  (3),    C    =  100 
(air  (4))  and  lOSSm""^  (SF^  (5))  being  relatively 
insensitive  to  pressure  (  (4), (5)  )  and  concentra- 
tion of  evaporated  metallic  impurities  (   (3), (6)  ). 
The  resulting  voltage  values  are  generally  in  good 
agreement  with  the  directly  measured  values  for  ail 
currents  in  iJF,  (Fig.2)  and  for  ^tlkA  in  air  (Fig.3). 
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Good  agreement  with  the  overall  arc  voltage  (516V) 
for  70kA  in  air  is  obtained  only  if  it  is  assum 
that  the  full  luminous  extent,  including  the 
plasma  produced  by  the  nozzle  ablation  downstream 
of  the  nozzle  exit,  is  taken  into  account  as  the 
electrically  conducting  cross-section.     The  derived 
value  of  overall  arc  voltage  (9OOV)  for  the  90kA 
arc  in  air  (which  précèdes  the  70kA  condition  in 
time)  is  well  in  excess  of  the  measured  value 
(615V).     This  implies  that  significant  nozzle 
ablation  also  occurs  at  90kA  although  not  photo- 
graphically  detected. 

The  axial  variation  of  electrical  field 
strength  derived  from  the  V:z  results  shows  a  mon- 
otonie decrease  for  ail  currents  in  both  air  and 
SFg  (Figs.  2,3). 
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We  report  on  calculations  of  the 
fficiency  and  concentration  of  ozone  pro- 
uction  in  a  spatially  homogeneous  oxygen 
ischarge.  An  applied  electric  field  E 
ccelerates  électrons  in  a  gas  consisting 
nitially  of  oxygen  molécules  The 
lectrons  have  a  certain  energy  corres- 
onding  to  the  électron  température 
hich  in  turn  is  a  function  of  the  ratio 
/p  where  p  is  the  gas  pressure. 

The  électrons  dissociate  molécules 
nto  0  atoms.  Through  recombination  of 
tomic  oxygen  with  oxygen  molécules  ozone 
s  formed.  The  production  and  destruction 
f  0  and  0^  from  the  initial  mixture  of 
lectrons  and  is  described  by  the  fol- 
owing  reactions  : 


e  +  0^  20  +  e 

e  +  O^-^  02+0  +  e 

P3 

0  +  02  +  02  ^  °3  °2 
P4 

O3  +  O2  -  O2  +  O  +  O2 

0  +  0-,^  20^ 


(1) 


The  rate  coefficients  describing 
the  above  reactions  are  either  known  or 
can  be  calculated.  They  are  functions  of 
the  gas  température  T^  and  the  électron 
température  T  .  We  assume  that  the  ion 
température  is  equal  to  the  gas  tempéra- 
ture . 

The  time  dépendent  balance  équations 
for  this  System  have  been  solved  for  two 
différent  cases:   a)   we  assume  an  arbitra- 
ry  initial  électron  concentration     (3  x 
10~®  cm~^)    and  apply  a  constant  electric 
field  and  b)  we  apply  a  fast  voltage  puise 
which  is  high  enough  to  cause  ionization. 
A  typical  solution  in  case  a)   is  shown  in 
Fig.  1. 


/  1 

O  +  0  +  O2         °2  °2 


(6) 


Along  with  e,  0,  0^  also  positive  and 
legative  ions  are  présent.  We  assume  that 
:hese  consist  predominantly  of  0^  and  0 
Lons,   respectively .  Thèse  are  produced 
iccording  to 


2e 


(7) 


Fig.   1;     particle  concentrations  for  a 

constant  applied  electric  field: 
E/p  =  5  V/ (cm  Torr) ,  Tg  =  300  K, 
p  =  l  bar.    (The  subscripts  e,l,3, 
-.+  refer  to  électrons,  0,03,0  , 
O2  respectively) . 

There  are  two  characteristic  time  con- 
stants involved  in  the  production  of  O  and 
O^.  As  long  as  E/p  is  less  than  the  break- 
down  value  of  38  V/(cm  Torr)   ail  électrons 
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disappear  quickly  to  form  négative  ions 

through  dissociative  attachment.  The  time 

constant  of  this  effective  attachment  is 

=  l/(  (P2-P-L)n2)  .   It  is  of  the  order  of 

some  nsec  for  a  pressure  of  1  bar  and  is 

proportional  to  1/p. 

The  ozone  concentration  increases 

with  a  time  constant  t,  >>  t   .         is  of 

i  e  3 

the  order  of  ysec  at  a  pressure  of  1  bar. 

It  is  proportional  to  1/p^. 

In  Fig.   2  we  show  a  typical  solution 

in  case  of  an  electric  puise  whose  height 

is  larger  than  the  breakdown  value.  The 

electric  field  increases  to  the  maximum 

value  of  47  V/(cm  Torr)  within  50  nsec. 


fast  applied  voltage  puise  of  in- 
dicated  shape . (Tg=30o'K ,  p=l  bar) 

At  low  electric  fields  ail  électrons  are 
attached  to  atomic  oxygen  according  to  the 
dissociative  attachment  described  by  Eq. 
(8).  At  higher  fields  the  ionization  ac- 
cording to  Eq.    (7)   dominâtes  and  we  have 
free  électrons  in  the  gas .  The  free  élec- 
trons exist  only  for  ca,   30  nsec.  The  time 
constant  of  the  increase  of  the  ozone  con- 
centration is  of  the  same  order  as  before. 
There  is  a  substantial  différence  between 
the  results  in  Fig.   1  and  Fig.   2  though, 
viz.  whereas  in  the  first  case  the  ozone 
concentration  is  of  the  order  of  10~^  in 
the  second  case  the  concentration  reachés 
the  very  high  value  of  3-10~^  in  spite  of 
the  very  low  initial  électron  concentra- 
tion  (10  ■'■^cm  ^)  .  This  is  due  to  the  pro- 
duction of  an  avalanche  of  électrons  once 


E/p  >  38  V/{cm  Torr) . 

The  number  of  ozone  molécules  pro- 
duced  per  négative  charge  are  shown  in 
Fig.  3  in  the  case  of  an  electric  puise 
as  a  function  of  E/p.  Also  shown  is  the 
efficiency  of  the  ozone  génération,  i.e. 
the  ratio  mass  of  ozone  produced/energy 
used.  (An  efficiency  of  100%  corresponds 
to  1220  g/kWh.) 


and  ozon  yield  per  négative 
charge  as  a  function  of  E/p. 
(Tg  =  300  K,  p  =  1  bar) . 


There  are  two  peaks  in  the  efficien- 
cy curve.  One  around  5  V/(cm  Torr)  and 
another  around  47  V/(cm  Torr).  The  peak 
around  47  V/(cm  Torr)   is  due  to  the  in- 
creased  production  of  électrons. 

Thèse  calculations  show  that  to  ob- 
tain  high  efficiency  and  a  high  concen- 
tration of  ozone  we  have  to  generate  a 
fast  electric  puise  higher  than  the  break- 
down value  of  38  V/(cm  Torr).  The  highest 
puise  height  obtainable  is  related  to  the 
rate  of  increase  in  the  puise  height.  The 
f aster  the  puise,  the  higher  the  applied 
E/p  value  can  be. 

From  thèse  calculations  it  also  be- 
comes  apparent  that  a  homogeneous  pulsed 
discharge  can  reach  efficiencies  that  are 
considerably  higher  than  those  reached  in 
a  classical  ozonizer  with  a  "silent"  dis- 
charge which  is  inherently  inhomogeneous . 
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Uy  occurs 
métal  ha- 
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1  and  radial  segre 
ontaining  mixture 

s  used  as  sources  of  light,  this  phenome- 
on  is  very  indésirable  because  the  light  emitted 
rom  the  arc  is  highly  non  uniform. 
'hysical  mechanisms  responsible  for  additive  se- 
regation   have  been  particularly  studed  by  Fischer 
1)  who  explains  the  ségrégation  by  the  combined 
ction  of  radial  diffusion  and  axial  convection. 
1  the  work  presented  here,  the  expérimental  re- 
ults  for  axial  ségrégation  of  thallium  atoms  in  Hg- 
l-I  discharges  operated  at  50  Hz  are  compared  to 
lose  calculated  from  a  simplified  model  proposed 
y  Fischer  (1). 

;XPERIMENTAL.  Arcs  are  operated  vertically  on 
50  Hz  supply  with  an  inductance  in  séries.  The 
upply  voltage  is  300  V  and  discharges  are  1000  w 
Daded.  The  arc  tube  is  a  quartz  tube  with  an  inner 
iameter  of  2  cm.  The  distance  between  électrodes 
s  10  cm.  The  tube  contains  50  mg  of  mercury  and 
.  3  mg(l  .  6  or  0.  8  mg)  of  thallium  iodide  and  20 
Drr  of  argon  (at  room  température)  as  an  ingnition 

'he  instantaneous  and  spatialy  resolved  arc  tempe- 
atures  and  densities  of  neutral  thallium  atoms  are 
btained  from  side  on  measurements  of  absolute 
pectral  radiancesof  588  nm  mercury  line  and  655 
m  thallium  line. 

''oUowing  appr oximationsar e  made  : 
The    mercury  plus  argon  pressure  is  constant 

long  the  axis  of  the  discharge,  and  close  to  the 

otal  pressure. 
Atomic  ratios  are  radialy  constant  and  local  ther- 

nodynamical  equilibrium  is  assumed. 


of  spectral  Unes  and 
ire  obtained  from  rela- 


cy  for  the  491  .  6  nm 
ature  are  determined 


Corrections  for  absorptior 
absorption  in  silice  tubes 
tive  absorption  measurem 
value  of  plasma  transpare 
mercury  line.  Wall  tempe 
with  a  "710  C  Ircon"  pyrometer. 

TEMPERATURE  AND  THALLIUM  ATOMS  DENSI- 
TIES. An  itérative  process  allows  us  to  obtain 
values  of  températures,  mercury  neutral  atoms 
densities  and  pressures  as  a  function  of  time  and 
position. 


)  gives  a  detailed  study  of  the  exper: 
mental  apparatus  and  measur--"  »v,^fU^^(*) 
sitie 


Refer 

ethod^' 

of  neutral  thallium  atoms  are  determined 
from  measurements  of  655  nm  thallium  line  inten- 
sities.  We  used  the  A_  value  of  référence  (3)  : 
A  =4.25  10^s"\  Whith  expérimental  values  of  lo- 
cal  instantaneous  températures  and  neutral  thalli- 
um atoms  densities  the  thermodynamic  analysis  of 
the  System  Hg-Tl-I  gives  atomic  ratios  Hg/Tl. 

In  order  to  simplify  the  theoretical  analysis  we 
shall  only  consider  in  the  foUowing  time  averaged 
values  of  atomic  ratios. 

Thèse  results  are  given  in  fig.  1  .  Assuming  a  pos- 
sible expérimental  error  of  2  %  in  températures, 
the  corresponding  error  for  atomic  ratio  is  25  %. 
As  it  can  be  seen  in  fig.   1,  the  atomic  ratio  (Hg/ 
Tl)  varies  as 


nth.  0.  18<^  A<'0.  25 


(+)  It  i 


to  be  noticed  that  value  C  p.  1033  in  i 
e(2)isl.256    1  o"'^  and  not  1 .  276  lO"' 


-  Theoretical  and  expérimental  values 
of  X 


filling 

charges 
mg) 

A  Th 

A  exp 

Hg 

Tl  I 

1 

50 

3.  3 

0.  22 

0.  24 

2 

50 

1.6 

0.  2 

0.  22! 

3 

50 

0.  8 

0.  11 

0.  18 

Table  1  shows  a  reasonably  good  accordance  bet- 
ween  theoretical  and  expérimental  results  for 
lamps  1  and  2  where  the  modulation  of  atomic  ra- 
tio is  negligible  ;  for  lamp  3  disagreement  ocour 
whis  results  obtained  from  the  steady  state  model 
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Fig.  1.        atomic  ratio  Hg/Tl  versus  distance 
from  lower  électrode.  Total  pressure  : 
1  .  6  Atm. 

COMPUTATION  OF  X.  The  numerical  procédure 
flollows  the  simplified  one  proprosed  in  référence 
(1).  We  shall  consider  only  the  diatomic  molécule 
Tl  I  and  neglect  ail  other   molecular  species. 

With  this  hypothesis  the  System  to  be  solved  wri- 
tes  as  follow. 


^r^ 


2T  V 


6^  \tiA^(i 


M  , 


=  0 


A  o 

The  notations  are  those  of  référence  (1)  and  G('fe) 
is  a  correcting  factor 

1    ^G(4)  ^2 

The  theoretical  and  expérimental  values  obtained 
for  the  three  discharges  are  given  in  table  I. 
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TRDDUCTION: 

udy  of  gas  discharnes  with  contaminated  métal 
pour  has  goined  importance  because  of  the  inevit- 
le  présence  of  métal  vapour  in  Industrial  Discha- 
e  devices.     Also,  the  rôle  of  métal  vapour  imp- 
ities  in  fusion-type  devices  is  being  increasing- 

invBstigated.  In  connection  with  métal  vapour 
ntaminated  arc  discharges,  it  has  been  notsd  by 
e  of  the  authors/l/that  substantial  différences 
transport  properties  of  a  plasma  can  arise  due 
the  présence  of  met^l  vapour  impurities.  Find- 
gs  of  a  similar  nature  have  been  reported  else- 
ere/2,3/.  Further,  in  a  modified  type  of  Maecker 
c  the  collision  cross  section  of  neutral  métal 
oms  with  rare  gas  atoms  has  been  determined/4/ . 

c  discharge  between  métal  électrodes  is  although 
sically  simple  has  a  number  of  complicated  mech- 
isms  sustaining  it.     In  other  .vords,  vvhile  mode- 
ing  an  arc  discharge  one  has  to  consider;  radial/ 
ial  température  and  density  gradients,  diffusion, 
combination  and  even  chemical  activities.  The 
in  aim  of  this  paper  is  to  offer  a  theoretical 
planation  to  ths  experimentally  observed  heavy 
rticle  distribution  in  a  rare  gas,  métal  vapour 
c  discharge. 

AaiLIZED  ARC  r/£ASUREK'ENTS: 

brief  description  of  the  métal  vapour  wall  stabi- 
zed  arc  of  spécial  design  is  given  in  /5/.  Brief- 

it  is  a  simplified  version  of  Maecker  type  arc 
th  just  two  stabilizing  dises.     The  arc  device  is 
signed  to  be  evacuated  so  as  to  facilitate 
nning  in  any  type  of  gas.     10,15  and  20A  DC  arcs 
re  run  betv/een  copper  électrodes  in  3  pure  Hélium 
dium  at  atmospheric  pressure  with  a  stabilizing 
le  diameter  of  £  mm.     Axial  electrical  gradients 
ing  probes,  arc  current  and  radial  température 
stributions  using  copper  spectral  line  spectro- 
aphy  have  been  determined.     Qptical  thinness  of 
itting  régions  for  copper  lines  used  has  been  ve- 
fied  resorting  to  intensities  within  a  multiplett 
pper  vapour  pressure  distribution  has  been  deter- 
ned  by  correalting  température  distribution  and 
e  measured  relative  intensity  of  a  spectral  line, 
e  différent  characteristics  and  other  détails 
ve  been  published  elsewhere/G/and  only  the  radial 
stribution  of  copper  vapour  in  a  lOA  arc  obtained 

the  above  procédure  is  reproduced  in  Fig.l.  It 
y  be  observed  that  neutral  copper  atoms  appears 

pile-up  near  the  wall  of  the  discharge.     This  is 
t  a  peculiarity  of  this  experiment  but  has  been 
served  elsewhere/7/ .  .Vith  température  attaining  a 


maximum  in  the  center  of  the  arc  and  assuming  LTE 
to  hold(which  is  probably  true  forO.2.<*^<0-8,  Yf^  : 
normelized  radius),  this  means  that  the  ionized 
components  are  also  influenced  by  this  pile-up 
effect.     A  theoretical  explanation  for  this  effect 
is  given. 
THEDRY: 

Since  the  arc  current  is  small,  both  the  %  ion- 
ization  and  magnetic  pressure  in  the  discharge  are 
small  and  hence  the  density  distribution  is  domi- 
nantly  governed  by  the  neutral  components.  Further, 
neutral  hélium  gas  which  remains  unionized  due  to 
low  available  thermal  excitation  energy  fills  the 
whole  volume  and  neutral  excited  copper  occupies 
the  discharge  volume;  a  very  small  fraction  of  the 
total  volume.  It  is  assumed  here,  that  the  heat 
produced  in  the  ionized  discharge  component,  namely 
noutral  copper  is  transferred  to  and  diffused  by 
Hélium.  Also,  neutral  copper  is  assu.-nsd  t,o  be 
streaming  through  stationary  Hélium.  This  is  a 
reasonable  assumption,  firstly  because  Hélium  is 
dominating  and  secondly  the  Copper  coming  off  the 
électrodes  must  surely  have  a  directed  velocity.All 
components  in  the  discharge  are  assumed  to  share 
the  same  experimentally  obtained  radial  température 
profils.  ;Vith  thèse  assumptions  the  momentum  &  ener 
gy  conservation  realtions  yield  the  following 

l=Helium,2=Copper,p=Parial  pressure, n=number  of  par 
ticles,  m=mass,-Z?=collision  frequency,Q=energy,F= 
friction  force, X=thermal  conductivity ,u =velocity 
and  thèse  lead  to 

Equations(3)&(6)reduces  to   ^Py2>n."  "'^^'^^'^'^^ 

using  the  définition  of         '^l"'^  T^'^f 

the  partical  pressure  s  of  Hélium  and  Copper  are 

with  V/iJ  always  négative.  It  is  possible  to  find 
analytical  expressions  for  pj  and  P2  by  patching  a 
zero-order  Bessel  function  for  the  température  dis- 
tribution, for  example,  7'(n.)-T/<'j5^('<('';iwhere  Ki-^'/ft^ 
R  is  the  radius  of  the  arc,  where  arc  température 
drops  to  room  température,  X]^  is  the  first  zéro  of 
Jq  and  Tq  is  axis  température.     By  inserting  seve- 
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ral  (T,r}  from  experimentally  obtained  distribution 
a  value  of  R=2.5      ,  where  _p  is  the  discharge  rad- 
ius was  obtained.  3y  appl^ing  Laplace's  operator  it 
is  Gasy  to  approximate  Vn-J^ty  -Kj^and  the  par- 
tial pressures  are  then  givsn  by  J5  K  ni 

and  the  densities  are  given  by 

Since  the  arc  opérâtes  at  atmospheric  pressure. 
YM0)Ù:\-3^^^Vcp?  "2^°^  experiment  is  ^[O'^^rt? 

'"2?5P  ^''^  '^"'"^  obtain  theoretical  distributions 
of  Y\,in.)<r  ^^Cn.)     .  From  applying  Saha 

équations,  the  charged  particle  distributions  can 
be  established. 

A  comparison  of  expérimental  and  theoretical  resu- 
Its  are  made  in  Fig,2. 

COIMCLUSICMS 

As  can  be  seen  from  Fig.2,  the  theoretical  and  ex- 
périmental curves  agrée  only  qualitatively  with  re- 
gard to  the  trend  of  their  slopes.  Probably  better 
agreement  with  experiment  may  be  obtained  by  numeri 
cally  processing  the  partial  pressure  équations  @ , 
rather  than  obtaining  an  analytical  solution  which 
involves  additional  assumptions.  However,  the  pile- 
up  effect  is  évident  and  this  occurs  at  the  expense 
of  Hélium  accumulating  at  the  arc  center.  Further, 
in  order  to  understand  this  mechanism  better  it 
will  be  necEosory  to  kncw  the  metsl  vapour  sva- 
lution  process  and  recombination  mechanisms, 
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bstract 

n  1971   the  first  research  work  on  hollow 
athode  arcs   (abbreviated  HCA)    started  at 
iessen  University.   Emphasis  has  been  put 
n  the  opération  of  this  hollow  cathode  arc 
or  the  ion  beam  neutralization  of  the  elec- 
ric  propulsion  unit  RIT  10.   In  this  ap- 
lication  the  HCA  works  as  an  électron 
ource  delivering  électrons  for  main  dis- 
harge  starting  and  beam  neutralization. 
ut  beside  this,  diagnostics  have  been  per- 
ormed  dealing  with  the  physical  phenomena 
f  HCA' s.   Différent  measurements  including 
angmuir  probe  analysis  led  to  a  simplified 
ischarge  model.   The  détermination  of  the 
ischarge  current  parts  carried  by  the  ca- 
hode  and  the  électron  emitter  inside  the 
athode  gave  us  hints  to  explain  the  ob- 
erved  opération  modes,   the  plum  mode,  and 
he  spot  mode  by  assuming  an  electrical 
ouble  sheath. 

ntroduction 

ollow  cathodes  have  been  developed  and  in- 
estigated  in  the  scope  of  the  research  and 
evelopment  program  of  the  radio  frequency 
on  thrusters    (RIT)    for  the  use  as  électron 
ource   (plasma  bridge  neutralizer)    (1).  The 
ain  aspect  of  thèse  activities  was  me- 
hanical  stability,   reliable  function,  gas 
conomy,   and  high  ef f iciencies .  The  dis- 
harge  mechanism  has  never  been  understood 
ntirely  and  différent  théories  have  been 
ublished  by  various  authors  trying  to  ex- 
lain  the  observed  phenomena  more  or  less. 

or  our  experiments  we  used  a  hollow  cathode 
educing  gas  flow  by  a  small  orifice  in  the 
athode  dise.   One  can  observe  two  opération 
odes,   the  plume  mode  showing  a  large  lu- 
inous  plasma  région  outside  the  cathode 
rifice   like  a  plume  and  the  spot  mode  where 
he  discharge  is  concentrated  at  the  cathode 
rifice.   Between  plume  and  spot  mode  there 
xists  an  unstable  opération,   the  so-called 
ransition  mode  where  the  discharge  oscil- 
ates  between  plume  and  spot  mode, 
ifferent  théories  try  to  explain  this  dis-- 
harge  modes.   Csiky  and  Groh   (2,3)  assume 
hat  the  cathode  space  charge  sheath  pene- 
rates  the  cathode  boring  which  results  in 
he  change  from  the  plume  to  the  spot  mode, 
ccording  to  Philip 's  opinion   (4)   the  change 
f  the  électron  émission  from  the  cathode 
isc  to  the  cathode  interior  is  responsible 
or  the  change  of  the  opération  modes.  How- 
ver,  our  most  récent  results  do  not  agrée 
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with  one  of  the  mentioned  théories  but  point 
to  the  présence  of  an  electrical  double 
sheath  which  can  explain  the  observed  plume 
and  spot  mode  opération. 

In  the  following  a  short  description  of  the 
experiments  and  their  interprétation  will  be 
given . 


Expérimental  Arrangement 

For  the  measurements  we  used  our  standard- 
ized  3  mm  hollow  cathode  being  sketched  in 
fig.    1.  The  hollow  cathode  consists  of  a 
3  mm  molybdenum  tube  being  enclosed  for  gas 
flow  réduction  purposes  at  the  downstream 
end  by  an  électron  beam  welded  thoriated 
tungsten  dise  with  a  0^3  mm  diameter  boring. 
In  2  mm  distance  the  discharge  anode  is 
located  with  a  centric  hole  of  1.5  mm  diam- 
meter.  At  the  upstream  end  of  the  hollow 
cathode  tube  the  gas  supply  is  connected, 
a  mercury  vaporizer  or  a  gas  inlet  for  inert 
gas  opération. 

In  the  cathode  interior  just  behind  the  ca- 
thode dise  the  so-called  insert  is  located 
a  low  work  function  material  supply  acting 
as  électron  emitter.  This  insert  is  in- 
sulated  electrically  against  the  cathode 
body  and  is  connected  via  a  feed  through 
to  an  outer  power  supply  as  sketched  in 
fig.   1 ,  too. 

The  discharge  is  stroke  by  heating  up  the 
cathode  to  about  1100°C  until  a  suf fiaient 
thermionic  électron  émission  is  available 
at  an  applied  voltage  of  150  -  200  volts 
between  cathode  and  anode.   If  a  gas  flow 
is  added  in  the  order  of  magnitude  of 
0.02  mg/sec  mercury  vapour  discharge  ignit- 
ion  occurs  and  the  discharge  voltage  drops 
to  about  20  volts.  Now,  the  cathode  heater 
can  be  switched  off  since  the  discharge 
sustains  itsself  heating  the  cathode  by 
ion  impingement. 

Due  to  the  insulated  insert  the  discharge 
can  be  operated  either  between  cathode  and 
anode  with  floating  insert  or  between  anode 
and  insert  with  floating  cathode  showing  ' 
the  below  described  characteristics . 


Expérimental  Results 

Operating  the  HCA  in  this  manner  we  found 
that  both  the  cathode  and  the  insert  carry 
the  discharge  current  as  shown  in  fig.  2. 
The  main  part  of  the  discharge  current  is 
drawn  from  the  insert  at  low  total  currents . 
This  behaviour  changes  at  high  discharge 
currents  when  the  main  part  is  takeh  over 
by  the  cathode.  This  current  distribution 
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dépends  on  the  pressure  inside  the  hollow 
cathode  which  has  been  investigated ,  too. 
The  resuit  is  graphed  in  fig.   3  where  the 
discharge  current  parts  are  shown  versus 
the  hollow  cathode  pressure. 

Obviously,  the  current  from  the  cathode  dise 
prédominâtes  at  high  gas  pressures  and  vice 
versa  the  insert  current  at  low  pressures. 
That  means  looking  at  fig.  2  that  the  cross 
over  point  of  both  current  graphs  is  shift- 
ed  to  lower  discharge  currents  with  in- 
creasing  gas  pressure. 

Discussion 

This  behaviour  of  the  HCA  can  be  explained 
by  the  moving  of  the  basic  point  of  the  dis- 
charge. The  basic  point  or  active  zone  of 
the  discharge  pénétrâtes  the  cathode ' s  in- 
terior  more  or  less  dependend  on  the  pres- 
sure or  the  mean  free  path,  repectively. 
Thus ,  we  interpretthe  current  sharing  to  ca- 
thode and  insert   (5) . 

But  as  we  see  from  fig.   3  plume  and  spot 
mode  opération  is  possible  between  cathode 
and  anode  and  between  insert  and  anode. 
This  disproves  former  theoretical  models 
assuming  cathode  fall  sheaths  penetrating 
the  cathode  boring  or  the  shift  of  the 
émission  from  an  outer  to  an  inner  surface. 
Rather,  we  explain  the  observed  discharge 
modes  by  an  electric  double  sheath  which 
appears  at  discontinous  cross-section  ré- 
ductions,  as  is  well  known   (6).  As  a  double 
sheath  we  understand  a  small  limited  area 
of  high  electrical  field  strength  within  a 
plasma.  Such  sheaths  are  created  if  the 
diffusion  current  A-j     is  smaller  than  the 
required  current  J^^.   In  order  to  deliver 
the  needed  current  the  charge  carriers  must 
be  accelerated  which  happens  in  a  double 
sheath  as  sketchedin  fig.  4. 
In  our  case,  the  plume  mode  opération  can 
be  observed  at  low  discharge  pressures 
and/or  at  low  discharge  currents.  Conse- 
quently,   it  follows  that  the  drift  current 
from  the  interior  plasma  into  the  cathode 
boring  is  too  small  and  the  électrons  must 
be  accelerated  in  a  double  sheath.   So  we 
identify  the  plume  mode  opération  with  the 
existence  of  a  double  sheath.  The  double 
sheath-voltage  dépends  on  the  pressure  and 
the  discharge  current  and  is  in  the  order 
of  magnitude  of  some  volts. 

With  increasing  gas  pressure  or  increasing 
discharge  current  the  diffusion  current  den- 
sity  j     grows  resulting  in  a  higher  drift 
current  from  the  internai  plasma.  No  longer, 
the  accelerating  sheath  is  necessary  which 
we  identify  with  spot  mode  opération. 
From  our  Langmuir  probe  measurements  in  the 
external  discharge  plasma   (7)   we  have  ob- 
tained  plasma  data  which  allow  us  a  rough 
estimation  of  the  above  mentioned  diffusion 
currenlpg.  Assuming  a  plasma  density  of 
n  =   10       cm      and  an  électron  température 
of  10,000  K  we  achieve  for  plume  mode  ope- 
ration  at  0.3  a  discharge  current  a  drift 
current  in  the  order  of  magnitude  O. 05-0.1 
amp.   In  accordance  with  our  model  a  double 
sheath  is  required  to  enable  the  discharge 
current. 
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TRODUCTION 

ntinuum  visible  and  especially  infrared 
ission  of  plasmas  is  of  interest  be- 
use  of  its  advantages  for  diagnostic 
rposes  of  dense  low  température  plas- 
s  and  for  the  investigation  of  proper- 
es  of  nonideal  plasmas.   Continuum  ra- 
ation  has  been  extensively  studied  in 
drogen  and  inert  gases  and  to  a  lesser 
tant  in  other  atmospheric  gases,  alkali 
tal  vapors,  mercury  and  the  halogens  /I/. 

the  latter  case  the  measured  visible 
ntinua  were  found  greater  than  expected 

factors  5-50,   but  the  observed  radia- 


tion has  not  beenunambiguously  identified 
/I/.   It  is  the  aim  of  the  présent  work 
to  perform  quantitative  measurements  of 
the  visible  and  infrared  continuum  ra- 
diation of  a  chlorine  arc  plasma. 
EXPERIMENT 

The  Cl2-arc  is  operated  in  a  water  cooled 
quartz  tube  of  8  mm  inner  diameter  and 
10  cm  length  at  atmospheric  pressure  with 
dc-currents  of  4-15  A.   Both  ends  of  the  arc 
are  submerged  in  argon  gas  to  prevent  re- 
absorption of  radiation  by  Cl2-molecules 
in  régions  of  lower  température  and  thus 
to  make  possible  end-on  observation  of 
the  arc  axis.  The  detectors  used  at  the 
exit  slit  of  a  McPherson  2051  monochro- 
mator  are  photomultipliers    (S20,  SI),  a 
PbS  -  cell  and  a  cooled  InSb  -  photocon- 
ductive  détecter,  whose  signais  are  fed 
into  a  lock-in  détection  system.  A  stan- 


ZI-  280 


dard  carbon  arc  is  used  for  absolute  in- 

tensity  calibration. 

MEASUREMENTS 

Fig.    1   shows  absolute  spectral  continuum 
intensities  emitted  end-on  from  the  arc 
axis  in  the  wavelength  range  0.4        -  3^ 
for  4  différent  arc  currents.  Thèse  curves 
are  composed  from  those  expérimental 
points,  which  seemed  to  be  unaffected  by 
any  atomic  line  radiation.  Simultaneous 
détermination  of  the  axis  températures  as 
a  function  of  discharge  current  by  abso- 
lute intensity  measurements  of  ClI  spec- 
tral lines  allows  conversion  of  the  data 
of  Fig.   1  into  absolute  absorption  coeffi- 
cients via  Kirchhoffs  law.  The  expérimen- 
tal points  of  Fig.   2  show  this  absorption 
coefficient -ôe(  A  ,   8200  K)  . 
DISCUSSION 

Fig.   2  shows  a  comparison  of  absolute  mag- 
nitudes and  A  -dependences  of  our  data 
with  the  calculated  electron-ion  contri- 
bution  (Kramers-Unsôld ,  J  -f  actor  1  )  ae 
(solid  curve)  and  the  electron-atom  brems- 
strah^Ting  (f ree-free-m±nus)  ge^*^"^  (dotted 
curve) ,  which  was  calculated  according  to 
thi  Hyman/Kivel  approximation  /2/.  The 
sum  8e^"+3e^^"^  (dashed  curve  in  Fig.  2) 
agrées  fairly  well  with  our  data  in  the 
range  2  ^m  < <  3^m.  On  the  other  hand, 
fairly  large  différences  exist  for  ^  <  2^m, 
especially  near     «  1  .  7^m  and       ft?  O.Sjtm, 
where  the  expérimental  data  lie  high  by 
factors  2  and  5  respectively .  The  maximum 
at  >w  5300  8  may  be  interpreted  as  due  to 
a  séries  of  electron-ion  recombination 
thresholds  into  ClI  3s^3p'^4p  levels.  A^- 
fac4;or  /3/  of  5  at  maximum,  comparable  to 
Xe  ^-factors  at  6000  8  /4/,  results  from 
this  interprétation.  Moreover,   the  depen- 
dence  ^(T,   5300  8)  of  our  data  on  tempe- 
rature,  which  is  shown  in  Fig.    3  and  com- 
pared  with  both  ■ae^"  and  5xae^",  is  also 
in  agreement  with  this.   Fig.   4  shows  ex- 
périmental data  of  3e(T,   2.9  ^m)  together 
with  the  contribution  ae^"^  (|=1  )  and  -se  ^^-'^ 
as  a  function  of  température.  The  steeper 
increase,  which  is  observed  in  exp.eriment, 
indicates  that  an  additional  radiation 
mechanism  becomes  important  at  higher  tem- 
pératures. A  possible  process  would  be 


strongly  broadened  ClI  spectrum  lines  from 
energy  levels  close  to  the  ionisation  thre- 
shold  which  merge  into  a  quasi-continuum. 
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aasi-stable  glow  discharge  phase  is  known 
3  be  characteristic  for  the  puise  break- 
ovm  of  gases  by  the  uniforra  initiation 
f  initial  électrons,  The  papers  [ 1-3] 
low  that  the  contraction  of  the  glow  dis- 
large  can  be  schematized  as  follows.  At 
Lrst  the  cathode  spot  is  formed  on  ac- 
3unt  of  the  cathode  instability  and  of 
le  explosive  émission.  Then  the  current 
snsity  increases  in  the  discharge  coliunn 
^ainst  the  cathode  spot  and  one  can  ob- 
erve  a  diffuse  channel  bound  to  the  spot 
yainst  a  background  of  the  glow  discharge, 
le  high-conductive  contracted  spark  chan- 
gl  germinates  along  the  diffuse  channel 
a  the  cathode  and  the  anode  sides  at  the 
lird  stage.  The  investigations  carried 
xt  in  noble  gases  (Ar,  Kr,  Xe)  and  in 
Dble  gases  with  small  additions  of  halo- 
1-contained  corapounds  (SPg,  CCl^)  showed 
great  number  of  the  cathode  spots  and 
Lffuse  channels  to  be  ignited  in  the  in- 
grelectrode  volume  [4,5] .  Thèse  channels 
Drm  a  column  of  a  homogenous  plasma  when 
Lxing.  The  discharge  involved  was  called 
3  a.high-current  diffuse  discharge 
I-CtD.D.).  At  présent  there  are  repre- 
ented  the  results  on  investigations  of 
-C.D.D.) 

1.  The  investigation  of  a  charge 
ti  noble  gases  with  additions  of  haloid- 
contained  compounds 

le  discharge  initiation  was  carried  out 
7  a  fast  électron  beam  with  the  current 
ensity  of  =  1,5  A/cm^  and  with  dura- 
ion  of  10"  s.  At  a  small  storage  capaci- 
ance  value  in  the  gap  a  quasi-stable 
low  discharge  with  ionizing  multiplica- 
lon  bums  (Fig.  la).  At  a  large  storage 
apacitance  value  after  the  quasi-stable 


■glow  discharge  phase  there  is  observed  a 

H-C.D.D.  (Pig.  Ib).  The  photos  and  oscil- 

lograms  of  the  current  (Pig.  1)  are  ob- 

ta3.ned  in  the  following  conditions: 

Ar:SPg  -100:0,13,  the  gap  length  is  d  = 

=  1,4  cm,  an  initial  capacitance  voltage 

is       =  10  kV,  a  puncture  voltage  is 

=  11,2  kV,  a)   C=  2-10"^P,     b)  ^  = 
P  q 

=  47-10  -^P.  The    Pig.  2    shows  the  photos 
of  the  interelectrode  gap  and  the  photos 
of  a  high-current  diffuse  discharge  spect- 
rum  section  and  of  spark  spectrum  section 
at  static  gas  breakdown  in  the  mixture 
Ar:Xe:SP£.  The  présence  of  the  continuum 
and  of  the  électrode  material  lines  are 
characteristic  of  the  spark  spectrum, 
while  the  high-current  diffuse  discharge 
spectrum  is  characteristic  of  quasi-sta- 
ble glow  discharge  one.  In  mixtures  Ar: 
:Xe(Hr):SPg(GCl4)  the  most  bright  sections 
correspond  to  luminescence  bands  of  XeP, 
KrP,  XeCl, molécules.  One  of  the  proper- 
ties  of  H-C,D.D.  is  connected  with  the 
current  density  constancy  with  invari- 
able oarameters  of  the  electric  circuit 
[4,5j. 

2.  The  investigation  of  the  discharge 
in  the  nitrogen  and  in  the  air, 
The  problem  of  the  H-C.D,D.  ignition  corn- 
es to  the  décision  of  the  problem  of  si- 
multaneous  ignition  of  a  great  number  of 
diffuse  channels,  and,  secondly  to  the 
prévention  of  contracting,  i.e.  of  germi- 
nation of  high-current  channel  from  the 
cathode  spot.  At  atmospheric  pressure  it 
v;asn*t  succeeded  in  realizlng  such  a  dis- 
charge condition.  Hov/ever,  the  results  of 
investigations  at  P  =  50  -  100  mm.  m.c. 
proved  to  be  more  hopeful.  A  quasi-stable 
glov/  discharge  with  the  current  density 
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of  500  A/cm2  ignited  by  initiation  of  ini- 
tial électrons  by  means  of  ultraviolet 
lighting.  The  interelectrode  gap  supply 
(d  =  0.7  cm)  was  carried  out  from  the  ge- 
nerator  on  cable  lines  ( p ^  =  75  Ohm). 
The  applied  voltage  is  ^  =  25  kV.  After 
initiating  there  is  ignited  a  quasi-stable 
glow  discharge  in  the  gap  (Pig.  3a).  In 
20-30  ns  the  émergence  of  cathode  spots 
is  observed  (Pig.  3b).  Later  on  the  cur- 
rent  against  the  spot  increases.  The  re- 
gistration  of  this  current  was  carried 
out  by  the  Rogovsky's  belt  with  sectioned 
cathode  (Pig.  3f).  There  was  inserted 
wire  into  the  cathode.  If  the  cathode 
spot  emerged  on  the  wire  the  Rogovsky's 
belt  registrated  the  current  accompanied 
the  cathode  spot  émergence.  The  current 
oscillogram  with  one  spot  on  the  wire 
is  shown  in    Pig.  3c  .  If  there  are  ap- 
peared  some  spots  on  the  cathode  the 
transition  from  the  diffuse  channel  to 
the    contracting  one  became  slower 
(Pig,  3d).  The  corresponding  photo  of  the 
discharge  is  presented  in  (Pig.  3e).  The 
discharge  ignition  duration  in  such  a 
form  achieved  200  ns.  Thèse  experiments 
show  a  possibility  of  realization  of  the 
H-C.D.D,  conditions  in  molecular  gases 
over  a  great  électrode  surface. 
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itroduction. 

Many  studies  have  been  conducted  on  particle 
ransport  and  pressure  enhancement  in  magnetized 
:cs  '   .  The  magnetic  field  reduces  the  transverse 
Lectron  heat  conduction  and  particle  diffusion  (at 
îast  classical),  leading  to  higher  axisvalues  of 
^  ând  n  .   In  addition  the  Nernst  effect  reduces 
.so  the  particle  transport  ' . 

In  many  of  thèse  treatments  the  effects  of  ion- 


trodes  :  at  the  cathode  the  plasma  is  hotter  and 
more  dense  than  at  the  anode.  It  is  the  aim  of  this 
contribution  to  show,  as  well  theoretically  as  expe- 
rimentally  that  because  of  thèse  effects  the  par- 
ticle confinement  may  be  appreciably  better  than 
"Nernst  classical",  i.e.  classical  including  the 
Nernst-ef f ect  ;  in  many  cases  the  pressure-built  up 
can  be  explained  by  the  rotational  confii 
rather  than  by  the  Nernst  effect. 


.uber        realized,  that  in  thèse  arcs  rotational 
;locities  are  relatively  large  and  may  even 
)proach  the  ion  thermal  velocity      ^  J- ;  the  rota- 
on  (caused  by  radial  electro  field  E  )   is  connec- 
:d  with  the  présence  of  radial  current.  At  the 
ithode  it  tends  to  be  positive   (E     <  0,  directed 
iward) ,  at  the  anode  négative  (E    >  0) ;  the  exact 
itential  distribution  dépends  also  on  geometry 
f.  fig.    1).  We  will  show  that  the  combined  effects 

rotation  and  ion-viscosity  and  ion-neutral  fric- 
on  can  reduce  the  particle  transport  substantially 
r  positive  rotation  (cathode  side  and  in  our  case 
r  most  of  the  arc  length)  and  can  enhance  the 
ansport  for  négative  rotation  (close  to  the  anode), 
nsequently,  there  exists  a  weak  axial  gradient 
en  in  a  cylindrical  geometry  with  identical  elec- 


Theoretical  prédiction. 

We  have  investigated  elon^ated  quasi-cylindrical 
arcs  with  axial  dimensions   (typical  gradient  length 
L)  much  longer  than  radial  dimensions  (A) .  The  rate 
of  the  two  scale  lengths  is  supposed  to  be  in  the 
order  ot  the  Hall  parameter  Q.  x  ^which  is  supposed 
to  be  large  (L/A-v  fi  t     >>!;«,  electroncyclotron 
frequency;  t  ,  electron-ion  collision  time) .  The 
radial  diffusion  velocity,  w  .      ,   is  much  smaller 
than  rotational  velocity,  w^^.  If  we  assume       ,  that 
the  radial  electric  field  is  in  the  order  of  the 
température    over  the  radial  scale  length  A: 
E(A)  we  can- estimate  w^^  to  be  :  w^^ a(r)rfi^, 

with  a(r)  'v  ^^.^^^ /yy2Q^2 _  Furthermore,  with 
w^.  '\.  b(r)rfi.,  one  can  show  that  for  classical  dif- 
fusion w^./wg.  =  b(r)/a(r)  'x.  l/fi^T^. 

The  analysis  o'f  the  momentum  équations  for  ions 
and  électrons  with  systematic  ordering  in  1 /fi  x  and 
/A  {\..  =  ■^^t^^T^)  ,  yields  the  following  diffusion 


flux 


3]. 


3T 


The  second  term  contains  contributions  of  viscosity 
(V.n_^)    ,   ion  neutral  friction,  R^^,  and  momentum 
transfer  connected  to  a  finite  source  term       ;  we 
consider  the  case  fi. x.    <  1. 

In  the  expérimental  case  considered,  we  may  ne- 
glect  the  pinch-  and  ion-terms  in  the  first  term  of 
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.Cl  , 


kT 


classical  diffusion  coefi 

en  UT 

The  second  terra  of  nw  .  "rotational  o    e  e 

ri 

diffusion",  is  multiplied  by  Sî  t     and  can  be  very 
large.  Ail  three  contributions  dépend  on  w^^;  if 
the  ion  rotation  is  positive  (cathode  side)  the 
rotational  diffusion  is  inward,  if  it  is  négative 
then  the  diffusion  is  outward.  For  our  expérimente 
conditions  (and  the  estimate  of  w^^  as  above) 
rotation-viscosity  contribution  and  the  ion-n 


he 


frictic 


3] 


Anomal  01 


i  the  sai 


;  diffusion. 


classical  tr; 


For  large  values  of  fi  x     and  B    we  observe  also  a 
high  level  of  turbulence.  Thèse  fluctuations  (k%l/A) 
may  give  rise  to  anomalous  (Bohm)  diffusion  and 
enhance  the  transport.  The  anomalous  diffusion  co- 
efficient, D^^,  can  be  estimated  as  : 
D^"^  =  D      n^T^  (^),  if  we  ignore  here  the  effect 
of  rotation. 

41 

The  turbulence  level  is  measured        by  probing 
the  plasma-light-f luctuations  with  two  photodiodes 
(f  <  1  MHz).  Of  the  three  classes  of  observed  waves 
(rotational  instabilities ,  drift  waves,  ion  waves, 
ail  propagating  transverse  to  B  )  we  assume  that 
the  drift  waves  are  mainly  responsible  for  the  ano- 
malous transport,  the  spectrum  is  relatively  broad- 
band,  with  f  <  ÇI.I1t\,  and  k       1 /p .  .  An  anomalous 
enhancement  of  transport  may  occur  for  large  values 
of  fi^T^  and  ^. 

Expérimental  arrangement  and  procecure. 

We  analysed  the  argon  plasma  of  a  hollow  cathode 
arc  (length  1.4  m,  diameter  .03  m).  The  magnetic 
field  is  varied  between  .05  and  .4  Tesla,  the  plasma- 
current  between  20A  and  200  A.  The  électron  density, 
n  ,  and  température,  T  ,  were  measured  with  Thomson- 
scattering  (.2  1 0^°  <  n^  <  2 , 1 0^° ;  2,5  eV  <  T    <  5eV). 
The  neutral  density,  n_^ ,  is  obtained  from  line  inten- 
on 696.5  nm: 

sional  radiative  modal  of  the  Ar  I-i 
and  neutral  températures  follow  from  the  Doppler 
broadening  of  Ar  II  and  Ar  I  lines.  For  the  expéri- 
mental détermination  of  the  ion  transport  we  need  the 
source  term  S..  As  the  axial  gradients  are  weak  and 
the  axial  component  of  the 
w  .   is  small   (though  nonzei 
the  ion  mass  balance  (recombination  can  be  neglected) : 


nw^f  =1  /'r  S.(r)dr  =ljn^n^« 
Results  and  discussion. 


In  fi| 


2  the  measured  diffusion  coefficient 

1  compared  with  classical  transport,  D^^  as 

function  of  the  Hall  parameter,   fi  t  .  The  measure- 

ments  refer  to  the  plasma  near  the  axis  at  a  loca; 

tion  halfway  the  électrodes.  It  is  observed  that 

for  several  conditions  the  diffusion  is  remarkabl; 

reduced  as  compared  to  classical  transport.  We  coi 

clude,  that  for  thèse  conditions  rotation  with  ioi 

friction  improves  plasma  confinement  apprecially. 

However,  for  large  values  of  fi^ (and  increasing 

values  of  the  fluctuation  level)  the  improvement 

détériorâtes  contrary  to  the  expectations  based  oi 

the  rotational  réduction  only.  The  fluctuation 
-3 

levels  are  typically  between  <10  (for  low  value 
of  n  T  )  up  to  >10"^  (for  larger  values  of  fi^T^). 
We  observe  indeed  an  anomalous  diffusion  with  va- 
lues which  are  in  agreement  with  the  expectations 
We  may  conclude  that  anomalous  transport  takes  ov 
for  large  values  of  (^^^fg) 
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ntroduction.  A  careful  study  of  the  relation  be- 
ween  the  électron  density,  n  ,  and  the  électron 
smperature,  T  ,  in  an  atmospheric  arc  plasma, 
lows  an  approach  to  local  thermodynamic  equilibrium 
LTE)  at  large  values  of  n^  [1].  Our  raeasurements 
ïn  be  interpreted  in  terras  of  a  Partial  LTE  (PLTE) 
sdel,  in  which  the  ground  state  is  overpopulated 
Lth  respect  to  the  other  excited  states.  This  over- 
)pulation  is  shown  to  be  caused  by  radiative  re- 
smbination  in  réf.   [ 1 ] . 

The  relative  overpopulation  of  the  ground  state 
i  a  function  of  T^,  is  fairly  sensitive  to  small 
iriations  in,  both,  the  transition  probability,  A, 
id  the  valve  for  the  lowering  of  the  ionisation 
itential,  Ax  ;  when  an  accurate  value  of  A  is 
'ailable,  an  |stimate  of  Ax^  can  be  made,  The 
ital  cross-section  for  excitation  from  the  neutral 
•ound  state  was  derived  from  the  measured  degree 
■  overpopulation.  In  addition  we  calculated  the 
lissivity  of  the  free-bound  UV  recombination  radi- 
ion,  which  proves  to  be  quite  large  in  the  70-80 
1  spectral  range.  Finally,  we  give  some  results 
T  the  continuum  radiation  and  for  the  Stark  para- 
ters  at  A  =  700  nm. 

:perimental  method  and  data  handling.  The  experi- 
ntal  method  has  been  described  in  [1].  It  is  based 

the  assumption  of  PLTE.  The  source  function,  S, 

then  given  by 

e(X) 


S  =  ■ 


(A)  ■ 


exp 


XkT  , 


e  source  function  has  been  determined  for  several 
ansitions  in  the  Ar  neutral  spectrum.  To  this  end 

measured  émission  and  absorption  (A-)profiles  of 
lected  lines  (with  appropriate  optical  thickness; 
<  k(.X)1  <  3),  at  300-1000  X-positions  over  the 
velength  range  of  the  line  and  its  adjacent  conti- 
um.  The  line  source  function  proved  to  be  constant 
er  the  line  profile,  and  close  to  the  continuum 
urce  function. 

The  expérimental  profiles  were  then  fitted  with 


theoretical  voigt  profiles,  for  e:(X)  and  K(X),by  a 
least  squares  minimisation  procédure,  with  parame- 
ters  :  the  source  function,  the  optical  thickness 
at  the  line  center,  the  continuum  absorption  as  a 
function  of  wavelength,  the  position  of  the  line 
center,  the  lorentzian  width  of  the  line,  and  a 
factor  accounting  for  the  total  transmiss ivity  of 
the  optical  System.  The  gaussian  component  of  the 
profiles  was  set  equal  to  the  Doppler  width  at  T  . 
Each  theoretical  profile  was  then  convolved  with 
the  measured  apparatus  profile  of  the  monochromator 
used,  and  compared  with  the  measured  profile.  Ite- 
ratively  the  best  fit  was  obtained.  In  this  way  T 
was  determined  using  ail  the  available  information. 
In  addition,  line  broadening  parameters  and  conti- 
nuum    emissivities  were  obtained.  n    was  calcula- 
ted from  the  émission  coefficient  using  Saha's 
équation.  The  neutral  density,  n  ,  followed  from 
Dalton's  law  (p  =  InkT) .  This  value  of  n    was  then 
compared  with  the  value,  n^  ^,  obtained  from  LTE, 
in  order  to  calculate  the  overpopulation  of  n  . 


Results.  The  n 
line,  were  car 
cooled  arc  pla 
and  the  plasma  length  is  9.7. lO' 
was  varied  from  40  A  to  250  A. 


surements,  mainly  on  the  696.5  i 
ed  out  in  an  atmospheric,  water 
a.  The  channel  diameter  is  5.10' 


,_and_A.  Figur( 


the  ( 


.  plot  of 
expressed 


f  T  , 


erpopulation  of  the  ground  level, 
in  b  =  n^/n  -1 ,  which  shows  the  expected  asymp 
tic  behaviour,  approaching  0  at  large  values 
In  the  calculation  of  b(T^)  we  used  A  =  67  .  10^ 
and  Ax^  from  Ecker  and  Kroll's  formula  (cf.  [2]) 
The  function  b(T^)  is  very  sensitive  to  variatio 
6A  in  A  and  6(Ax  )  in  Ax  : 
{(Axn)    ,  6A 


6b  ■■ 


kT 


In  particular  at  high  temperatu 
becomes  large  and  the  asymptotii 
is  known,  minimization  of  6b  cai 


behaviour  of  b(T  ) 
provide  additional 
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less  steep  than  indicated  in  the  literature. 


Fig.  1  Overpopulation  factor 
h=no/nQ  g-J  as  a  funation  of  Tg, 
for  Ar  at  1  atm. 
ourve  (1)  with  t^Xo  f^om  Ecker- 
Kroll 

eurve  (2)  with  ^Xo  f^om  Unsold, 
Ecker-Weizel,  Bunner 
information  on  A  and  A/  •  Assuming  A  to  be  more 
accuratly  known  than  Ax     we  investigated  the  effect 
of  différent  assumptions  in  the  calculation  of  Ax^ 
on  b(T^).  The  resuit  is  given  in  fig.   1,  in  which 
curve  2  is  the  b(T  )  relation  obtained  with  the 
same  value  of  A  as  in  curve  1 ,  but  a  différent  value 
of  Ax     :  a  mean  value  from  the  calculations  of 
Unsold,  Ecker-Weizel  and  Brunner  (e.g.   [2]).  As  can 
be  seen  curve  2  does  not  show  the  expected  asympto- 
tic  behaviour,  indicating  that  Ecker  and  Kroll's 
formula,   in  which  the  Debey  length  is  used  instead 
of  the  interparticle  distance,  is  more  satisf actory . 
2_j^_Total_excitation_cross-sect ion.  Assuming  that 
radiative  recombination  to  the  ground  level  is  the 
dominant  mechanism  causing  the  overpopulation  in 
our  PLTE  model,  we  find,  using  the  principle  of  de- 
tailed  balancing  : 


13P 


(T  ) 


^3p 


(T  ) 


(T^)  ,  the  radiative  recombination  coefficient, 
can  easily  be  found  from  detailed  balancing,  using 
the  published  values  for  the  photo-ionisation  cross- 
section  (cf.   [3]).  It  is  more  difficult  to  obtain 
accurate  values  for  Y3p(Tg)  =    ^^'^e^exc  ^  '^'^^e^ion' 
the  total  excitation  and  ionisation  cross-section 
from  the  ground  level.  Especially  in  the  température 
range  of  interest  (1-1.5  eV)  the  excitation  cross- 
sections  a(v  )  are  not  accurately  known  and  dépend 
much  on  the  threshold  behaviour,  which  in  its  turn 
is  also  not  accurately  kno\jn.  With  theoretical  va- 
lues for  (T  ),   [3],  we  have  determined         (T  ) 
3p        e  3p  e 

from  the  measured  values  of  b  and  n  .  The  resuit  is 

given  in  fig.  2  (points).  The  qualitative  dependence 

of  on  T^  is  as  expected,  although  our  values  in- 

dicate  that  the  threshold  behaviour  of  \_   (T  )  is 
3p  e 


\  • 

exp\  \'3p 

 IJv 

A2) 
/3p 

\  "\ 

2.0        1.5  \ 

\ 

V  [ev: 

1.0  • 

Fig.  2  Total  excitation  and  ionisation  aross- 
tion         as  funation  of  Tg,  for  Ar  at  1  atm. 
Also  shown  is  the  radiative  recombination 
coef. 
lit 


ôp 

literature  values  for 


Y,  ^  ;  measured  values  for  y,  • 
'  3p  •'       '  3p 

3.  Continuum  émission  and  Stark  parameter.  Using  the 
(2) 

theoretical  values  for  g.     ,  we  calculated  the  total 
3p 

power  of  the  continuum  free-bound  radiation,  which 
amounts  to  about  1  kW  per  cm  arc  length,  for  X=72  te 
78  nm.  This  makes  similar  arcs  very  attractive  as  U\ 
"light"  sources.  From  our  fitting  procédure  we  also 
obtained  the  Biberman  factor,  (at  A=700  nm)  and 

the  Stark  broadening  parameter, a.  The  results  are 
summarized  in  table  1.  The  continuum  absorption  and 
the         values  agrée  with  Schliiter's  values  [4,5]. 
The  mean  value  for  a,  a-7.U  10        S  m"^  differs  by 
almost  40%  from  Griem's  value,  a^l2  10~^^  X  m^  [6]. 

Table  1. 


I 

[A] 

T 

[io\] 

[io4-3] 

^line 
[m-'] 

'^cont 

[!-'] 

^ff 

?fb 

60 

12.4 

0.7 

35.  1 

0.  10 

1  .23 

1  .73 

100 

13.4 

1.2 

37.  1 

0.36 

1  .24 

1  .84 

140 

14.3 

1.6 

34.0 

0.56 

1  .24 

1  .89 

180 

15.0 

1  .8 

29.9 

0.66 

1 .24 

1  .99 

220 

15.4 

1  .9 

27.8 

C  70 

1  .24 

2.05 

250 

16.0 

2.0 

21.7 

0.71 

1  .24 

2.05 
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Introduction  :  The  basic  assumption  incor- 
porated  in  the  majority  of  models  used  to 
predict  positive  corona  onset  conditions 
in  atmospheric  air  is  that  of  a  single  él- 
ectron avalanche  developing  to  some  criti- 
cal  magnitude,  e.g.  see  [1,2].  The  présent 
paper  describes  an  expérimental  investiga- 
tion into  the  nature  of  the  discharge  pro- 
cesses  leading  to   corona  formation. 

The  expérimental  gap  consisted  of  an 
inverted  positive  point/plane  arrangement, 
the  gap  length  being  fixed  at  150  mm.  The 
point  électrode,  of  overall  length  200  mm, 
was  a  rod  of  20-mm  diameter  with  a  hemi- 
ellipsoidal  tip  for  which  the  minimum  ra- 
dius of  curvature  was  5  mm.  The  light 
émission  associated  with  the  discharge 
development  was  recorded  by  means  of  a 
photomultiplier  ( PM ) .  To  optimise  the  de- 
te.ction  sensitivity,  quartz  optics  were 
used  to  focus  the  highly  stressed  région 
of  the  gap,  i.e.  the  gas  volume  adjacent 
to  the  point  électrode  tip,  on  to  the  PM 
photocathode.  With  this  recording  System 
électron  avalanche  activity  could  be  de- 
tected  oscillographically  at  ~2%  below  the 
corona  onset  voltage  level.  Measurements 
were  performed  at  and  below  corona  onset 
under  the  application  of  a  direct  voltage. 
The  records  obtained  are  shown  in  Fig.l. 
Results  and  Discussion:  At  a  voltage  level 
of  -2%  below  the  onset  level,  the  records 
(Fig.la)  indicate  that  the  ionisation  ac- 
tivity occurring  within  the  active  volume 
{E  >  2.1*2  kV/mm  [3])  is  comprised  of  a 
Chain  of  individual  électron  avalanches  of 
some  800  ns  total  duration.  The  average 
génération  time  between  avalanches  is  some 
i*0  ns.  As  the  discharge  gap  length  is  150 
mm,   this  very  short   génération  time  indic- 


ates  that  cathode  associated  phenomena 
cannot  play  an  active  rôle  during  this 
stage  of  the  discharge  development  and 
consequently  gas-ionising  radiation  is 
considered  to  be  the  mechanism  responsible 
for  this   génération  process. 

As  the  voltage  is  raised  towards  the 
onset  level,  the  records  obtained  (Figs. 
Ib  &  c)  indicate  that  the  individual  aval- 
anches increase  in  magnitude  leading  to  a 
partial  overlap  of  the  puises  within  each 
Chain.  The  time  between  chains  is  on  aver- 
age several  orders  of  magnitude  greater 
than  that  of  the  chain  duration. 

At  the  onset  voltage  level  the  occur- 
rence of  the  avalanche/corona  transition 
is  most  évident;  e.g.  a  distinctive  break 
occurs  in  the  trace  of  the  photomultiplier 
oscillogram,  see  Fig.ld.  Thèse  transition 
puises  display  a  consistent  peak  value 
(±  3%)  prior  to  the  rapid  development 
which  leads   to  the   corona  discharge. 

Although  avalanche  development  can 
occur  throughout  the  active  volume,  the 
greatest  development  will  be  in  the  prox- 
imity  of  the  maximum  field  strength.  Hence 
the  resulting  spatial  distribution"  of  pho- 
toelectrons  together  with  the  additive 
effect  of  the  initial  space-charge  field 
will  induce  a  s el f - f oc  us  s i ng  of  the  subsé- 
quent discharge  growth.  In  addition,  owing 
to  the  low  value  of  the  relative  charge 
density,  i.e.  the  ratio  of  positive  ion^ 
to  neutral  molécules  in  the  head  of  the 
initial  avalanche  (<  1:10^),  it  is  sugge- 
sted  that  the  subséquent  avalanche  space 
charges  will  fully  overlap  the  primary 
space  charge  distribution.  Thus  avalanche 
development  will  occur  in  a  field  which  is 
being  continuously   augmented     by  the  accu- 

20 
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Fig.l.    PM  oscillograms   of  the   électron  av- 
alanche phenomenon  prier  to     corona  onset. 
-   corona  onset  voltage. 

mulation  of  space  charge  until  the  généra- 
tion process  either  terminâtes  owing  to 
avalanche  statistics  [h]  or  becomes  un- 
stable  precipitating  a  corona  discharge.  A 
conséquence  of  this  electrostatic  focus- 
sing  of  the  avalanche  génération  process 
is  that  at  onset  the  initial  corona  devel- 
opment  should  be  located  along  the  field 
line  associated  with  the  maximum  field 
strength.  A  typical  image  intensifier  re- 
cord of  the  corona  discharge  in  the  anode 
région  supports  this  viewpoint,  Fig.2. 
Conclus  ion  :  The  expérimental  évidence  pre- 
sented  illustrâtes  that  at  onset  the  posi- 
tive corona  discharge  in  atmospheric  air 
does  not  resuit  from  the  formation  of  a 
single  critical  avalanche  but  from  the  ac- 
cumulative  effects  of  an  intrinsic  aval- 
anche génération  process.  Thus  the  single 
avalanche  concept  embodied  in  the  majority 
df  corona  onset  models  is  at  variance  with 
thèse   expérimental  observations. 


L   -  relative  light  intensity. 
Time   scale:         —*\  200  ns  |— 
a)   9Q%V  ,     b)   99%V   ,     c)   99.8%V   ,     d)  V 
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Fig.2.    Image   intensifier  record  of  a  posi- 
tive    corona  discharge     in  atmospheric  air 
at   the  onset  level. 
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1.  Introduction. 

A  method  is  described  which  détermines 
the  probability  for  the  first  breakdown 
near  onset.  The  method  is  used  in  an  ana- 
lysis  of  the  effect  of  surface  roughness 
on  low  probability  first  breakdown  in  com- 
pressed  SFg  at   positive  polarity. 

2.  Expérimental  design. 

A  voltage  level  U^  just  below  the 
withstand  value  is  selected  such  that 
breakdown  will  never  occur.  N  voltage  im- 
pulses are  then  applied  at  this  level.  An- 
other  voltage   level  ^-^  =         +  is  selec- 

ted and  further  N  impulses  are  applied. 
This  is  continued  until  the  first  break- 
down occurs      at   shot     number     w     at   a  level 

U     =  U     +  kAy.      The  voltage   level   U  repre- 

k         o  ^ 
sents   the  breakdown     voltage   for  a  low  val- 
ue    fractile.      The   value     of  this  fractile 
dépends   on  the   chosen  value  of  Ay  and  N. 

3.  Statistical  theory. 

Let  p^{U  ^,hU  ,N  ,& dénote  the  proba- 
bility for  the  first  breakdown  occurring  at 
step  number  k  (k  =  1,2  ...)  with  the  origin 
at  U^.  The  parameters  ô  and  g  are,  respect- 
ively,  the  position  parameter  and  the  scale 
parameter  of  the  associated  breakdown  dis- 
tribution. Changes  in  position  and  scale 
parameters  can  be  compensated  by  changes  in 
origin  and  step   value.    This   means  that 


U 


p^{U^,àU,N,6,&)   =  p^   (    "   g      ,  ^,N,0,1) 

=  p^   {u  ,àu ,N ) . 

Considering  extremely  low  value  frac- 
tiles  only,  it  can  be  shown  that  by  a  sui- 
table  choice  of  origin  and  scale  there  is 
hardly  any  noticeable  différence  between 
the   various     possible  probability  distribu- 


tions, e.g.  normal,  Weibull  or  double  ex- 
ponential  /2/. 

By  choosing  the  normalized  double  ex- 
ponential  minimum  distribution 

F{u)   =  1  -  exp{-exp(w) ) 
we  obtain 

p^   {u,àu,N)   =  p^   {u  +  lnN,àu,l). 

As  a  change  in  N  can  be  counteracted 
by  shifting  the  position  of  the  origin,  it 
is   sufficient  to   consider  N  =  1. 


p    {u,àu)   =  F^{u+Au) 


exp ( -exp ( u+àu) ) 


p    {u,àu)   =  exp(-   l     exp(u+jAw))f  (u+kAu) 
^  j=l 

k  =  2,3  ... 

A  séquence  of  elementary  calculations 
leads   to  the   following  expresions 

p^  =  F^{u+àu) 

p     =   [F   (w+n+kAw)  - 
^k  o 

F   (w  +  n+(k-l)Aw)]/[l-r-»(u+n)] 


"  -  1°  îfffiÎTH     n  >  0  V  A„  >  0 

in  which  k  =  2,3  ...  gives  p^  in  the  inter- 
vais (u  +  n  +  (k-l)Au,  w  +  n  +  kAu)  for  a 
standard  double  exponential  distribution 
truncated  below  the  corrected  origin  n  +  n. 
The  following  approximations  are  now  intro- 
duced: 

1.  is   replaced  by  +  n  +  Aw  )  , 

2.  For  F   (w+n)   close  to   zéro  p^  is  replaced 
by   [f^(M+n+kAw)   -  f^(w+n+(k-l )Am) ] . 

This  means  that  the  non-truncated  distribu- 
tion is  replacing  the  truncated  distribu- 
tion. 

The  mean  value  and  variance  of  the 
distribution  are  then  given  by ,  respect- 
ively  , 


C7-  290 


£(k)  - 


-y  -  u  - 


6(Au)^ 

in  which  Y  =  0.5772...    is   Euler's  constant. 

Assuming  that  Ay  has  a  sufficiently 
small  value  the  breakdown  probability  cor- 
responding  to  the  mean  value  of  k  will  be 
given  by 

P  =  FiU^)    =  F{U^  +  E{k)àU) 

P  ^  1  -   exp{-i  (l-exp(-AM))  exp(-Y)} 

P  ^  1  -   exp{-i  Az.exp(-Y)}  «  ^  exp(-Y) 


N 


xp(-Y) 


/6F(k) 

in  which     a,      is  the  standard     déviation  of 
k 

the   stepnumber  by   repeated  testing. 

h.   Détermination  of  low  probability  first 
breakdown  in   compressed  SF^. 

The  breakdown  withstand  voltage  of  an 
SFg-insulated  high  voltage  apparatus  is 
largely  control].ed  by  the  inhérent  surface 
roughness  of  the  électrodes.  This  effect 
is  so  complex  that  it  can  only  be  deter- 
mined  experimentally . 

Tests  were  carried  out  in  SF^  at  a 
pressure  of  5  bars  on  a  System  of  coaxial 
cylinders ,  of  which  the  inner  cylinder  was 
made  of  aluminium  and  had  a  diameter  of 
22.0  mm.  The  outer  cylinder  was  made  of 
stainless  steel  with  a  diameter  of  59.8  mm 
and  had  suitably  rounded  edges.  The  over- 
all  length  of  the  cylindrical  part  was  80 
mm.  The  outer  cylinder  was  used  throughout 
the  experiments,  but  was  carefully  cleaned 
after  each  individual  spark,  whereas  the 
inner  cylinders  were  discarded  as  soon  as 
they  had  been  subjected  to  one  single 
spark.  Repeated  use  of  the  outer  cylinder 
is  justified  by  the  fact  that  the  electric 
field  near  its  surface  is  so  low  that  no 
ionizing  processes  are  possible.  Five  sets 
of  inner  cylinders  were  used,  each  set  con- 
sisting  of  ten  cylinders  with  a  constant 
surface  roughness  R  .  Within  each  set  R 
varied  no  more  than  10^.  Before  testing 
each  cylinder  was  carefully  cleaned  in . an 
ultrasonic  bath  with  a  suitable  cleaning 
agent.      The   gas  was   renewed     after   each  in- 


dividual breakdown.  The  applied  voltage 
was  a  1/2500  ys  impulse  wave  of  positive 
polarity.  Each  of  the  50  cylinders  was 
tested  according  to  the  expérimental  de- 
sign with  N  =  100  and  àU  =  2  kV.  It 
essential  that  each  sample  is  subjected  to- 
one  breakdown  only,  because  one  singl 
spark  will  inevitably  change  the  conditions 
in  the  system. 

Each  voltage  level  must  be  reproduce 
able  with  a  high  degree  of  accuracy.  Thèse 
requirements  were  readily  met  by  an  automa- 
tic   impulse   generator  /3/. 

For  the  System  under  considération  the 
theoretical  breakdown  voltage  U for  idea- 
lized  électrodes  is  535  kV  taking  into 
count  that  the  compressibility  factor  for 
SFg  at  5  bar  is  0.9k  /h/.  The  expérimental 
results  are  summarized  in  Table  1.  The  val 
ues      given   for  for  each   individual  sur 

face  roughness  are  based  on  approximately 
1+0,000  shots. 


Confidence  Roughnesi 
R  /ym     U  /kV       p/%  limits  factor 

^  ^  95%/%  ^J^^y. 


0  .  1 

^37 

0.11 

0 

06  - 

0 

17 

0 

82 

0.1+ 

1+92 

0.13 

0 

07  - 

0 

19 

0 

92 

1 

hl3 

0 .  Oh 

0 

02  - 

0 

06 

0 

77 

5 

396 

0 . 07 

0 

OU  - 

0 

11 

0 

7^ 

35 

321 

0.19 

0 

10  - 

0 

28 

0 

60 

Table  1. 

It   is   seen     that     even  the     best  pol 
ished  électrode   surface   is    subjected  to 
considérable     lowering  of     the   first  break 
down  voltage     due  to  the  effect     of  surface 
roughness. 
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If  there  exists  a  plasma  column  in 
liquid  a  thermal  décomposition  of  liquid 
into  charged  particles,  gases  and  vapour 
starts  in  the  plasma-liquid  boundary.  If 
ail  this  takes  place  in  a  closed  space, 
the  development  of  hot  gases  and  vapour 
causes  high  pressure  in  this  space.  To  dé- 
termine this  pressure  it  is  necessary  to 
know  the  energy  magnitude  transformed  by 
the  plasma  column  and  the  factors  of  li- 
quid transformation  into  gases  and  vapoxxr, 
as  well. 

To  simplify  the  complicated  thermody- 
namical  and  thermochemical  processes  in 
the  contact  area  of  plasma  column  and  li- 
quid, we  assume  at  least  quasiisothermical 
conditions  and  we  express  the  unit  volume 
of  gases  and  vapour  reduced  to  standart 
atmospheric  pressure  p^  (1  bar  =  lO^Pa) 
by  coefficient        [m-^/j]»  from  the  view- 
point  of  usual  calculât ion  method,  Then 
the  total  gas  volume       developed  from 
the  energy  Q  can  be  estimated  by  the  ex- 
pression 

Similarly,  for  the  liquid  volume  trans- 
formed into  gases  and  vapeurs  by  energy  Q, 
we  can  write 

The  dimensions  of  tranf ormation  factors  ^ 
and/or  /j»  are  rn^/J  (m-^/Ws).  They  have  not 
been  perfectly  known  yet.  As  direct  trans- 
formation factor  measurements  during  the 
existence  of  plasma  in  liquids  is  practi- 
cally  unrealizable,  the  authors  have  de- 
signed  an  indirrect  method  by  combining 
measurements  and  calculation.  Even  though 
this  method  need  not  give  us  exact  résulta 
from  the  viewpoint  of  physics  (momentary 
températures  of  gases  and  vapeurs  are  not 
known)  it  provides  completely  satisfactory 
résulta  for  the  purpoae  required,  i.e.  for 


the  calculation  of  pressure  in  a  closed 
space  with  a  plasma  column  (electric  arc) 
under  the  liquid  level  because  it  émanâtes 
from  the  calculation  method  selected  as 
well  as  from  measurements  under  conditions 
corresponding  with  a  real  state, 

Let  us  assume  a  closed  chamber  par- 
tially  fiied  with  liquid  only,  that  is, 
with  a  free  space  the  liquid  level  of  vo- 
lume W.  The  plasma  under  the  liquid  level 
libérâtes  energy  Q,  pressure  p  is  formed 
in  the  chamber,  which  can  be  calculated 
by  applying  Boy le 's  law 

^  ^JB-jLÛ.   (3) 

In  the  chamber  the  pressure  p  is  mea- 
sured  with  the  aid  of  suitable  equipment 
simultaneously  the  amount  of  liberated 
energy  Q.  If  we  realize  the  plasma  column 
as  an  electric  arc  we  détermine  energy  Q 
from  the  values  of  current  i  and  from  arc 
voltage  Up  either  by  measuring  or  calcula- 
ting  it  from  the^elation 

Q^jll.icli  (4) 
observing  the  procédure  11]  .  Thus,  from 
relation  (3)  we  know  ail  magnitudes  except 

^  and        .  If  we  record  ail  quantities 
in  dependence  upon  time  t  during  the  test, 
we  start  from  the  intesities  of  pressures 
p.  and  energy        in  différent  times  t-j^  and 
^2  •  Thus  we  get  the  following  relations 
for  coefficients  ^  and  ; 

Nevertheless,  the  évaluation  of  the 
carried  out  measurments  proved  that  there 
is  no  linear  dependence  between  the  volu- 
me of  gases  produced  and  decomposed  liquid 
and  energy  that  means,  transformation 
factôra  ^  and       are  no  constants  as 
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iassumed  previously  but  power  functions  dé- 
pendent on  energy  Q: 

/-  =  jf^'Q^      ;  '^"Q^  (6) 

Then 

If  we  substitute  thèse  modified  relations 
into  formulas  (5)  they  become  a  new  form: 


(8) 


The  examinât ion  of  transformation 
factors  according  to  this  method  was  car- 
ried  out  for  transformer  oil  used  in  oil 
circuit  breakers.  The  tests  were  carried 
out  in  a  steel  chamber  with  the  plasma  co- 
lumn  length  of  30  to  45  mm  with  an  elec- 
tric  arc  of  2000  A,  50  Hz  AC.  The  arc  bur- 
ning  time  changed  from  20  to  50  ms,  the 
arc  energy  Q  from  5  to  80  kJ,  Measured 
pressures  p  in  dependence  on  energy  Q  are 
represented  in  Fig.l  • 

With  regard  to  the  pressure  disper- 
sion for  the  given  magnitude  of  energy  it 
is  évident  that  the  magnitude  of  produced 
gases  and  vapours  changes,  so  that  their 
médium  températures  change  correspondingly 
too.  Then  the  magnitude  factor  ^  should 
change  as  well  within  the  range  given  by 
limit  curves  of  pressure  field  in  Fig.l  ,^ 
The  decomposed  liquid  volume  remains  pro- 
portional  to  the  liberated  energy  so  that 
the  transformation  factor  ^   has  a  unique 
magnitude.  This  considération  was  confir- 
med  by  calculation  résulta  obtained  from 
a  digital  computer.  The  calculation  re- 
sults  are  the  following: 

^,=/C  Q'  =  2,85  fO'^  Q' 

Oil  transformation  factors  dependence  on 
energy  Q  is  represented  graphically  in 
Fig.2  .  The  recalculated  pressure  field 
envelopes  f or  o<  =<?*/=  0,65  have  their 
courses  drawn  in  Fig.l  in  full  lines  and 
confirm  the  correctness  of  values  (9). 


(9) 
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THEORETICAL  MODEL  OF  CURRENT-ZERO  BEHAVIOUR  OF  AXIALLY  BLOWN  ARC  IN  SF^ 


M.  Hrabovsky,  M.  Konràd,  P.  Skoda"'. 

Researah  Institute  of  Eleotvioal  Engineering  Con 
Introduction 

Much  attention  has  been  recently  devoted  to 
the  study  of  current-zero  behaviour'  of  high 
pressure,  a-c  arc  in  supersonic  nozzle  flow 
/1-5/.  Radial  conduction  enhanced  by  turbu- 
lence is  the  most  effective  energy  trans- 
port mechanism  within  arc  column  in  the 
current-zero  région.   In  several  papers  /3- 
-5/,  transient  behaviour  of  turbulence  do- 
minated  arc  with  fixed  radial  température 
profile  is  theoretically  studied,  influence 
of  electric  circuit  not  being  taken  into 
account.  We  présent  the  model  of  transient 
arc  with  Lime  dépendent  radius  ol  conducti- 
ve  core  and  variable  température  profile. 
Interaction  of  arc  with  connected  electric 
circuit  is  considered  in  model  calculations 
Both  the  arc-circuit  interaction  and  the 
temperature-prof ile  changes  are  supposed  to 
have  considérable  effect  on  resulting  dyna- 
mic  arc  behaviour. 

Model  Equations  and  Results  of  Calculation 
Following  assumptions  are  used  to  formulate 
model  équations: 

1.  The  only  effective  energy  loss  mechanism 
is  radial  heat  conduction  due  to  the  turbu- 
lence. The  turbulence  originates  in  the 
shear  flow  associated  with  the  existence  of 
strong  radial  température  gradient  within 
the  arc  column. 

2.  Arc  column  has  cylindrical  symmetry. 

3.  Conductive  arc  core  of  radius  r^(t)  is 
surrounded  by  the  zone  of  intermediate  tem- 
pérature with  fixed  radius  R,   for  r-R  the 
température  reaches  the  température  of  cold 
gas.  The  same  energy  transport  mechanism, 
as  within  the  arc  core,  is  effective  in  the 
intermediate  zone. 

The  energy  balance  équation  has  then  a  form 

where  effect  of  turbulence  is  described  by 
turbulent  thermal  conductivity         /3-6/ . 
Conductivity         is  given  by  /7/ 


outer  Centre,  OKD  Praha,  Prague,  Cseahoslovakia. 
'^t  Pr^ 


(2) 


(1)  acquires  then  form 


where  6  is  turbulent  kinematic  viscosity 
and  Pr^  is  turbulent  Prandtl  number .  To 
describe  effect  of  turbulence  on  the  arc, 
formulae  for  free  turbulent  shear  flow  were 
adapted  /3-6/.   £  is  considered  to  be  pro- 
portional  to  the  axial  velocity  c  /6/, 
which  is  equal  to  the  velocity  of  sound  at 
given  température.  Prandtl  number  Pr^  is 
constant  and  approximately  equal  to  0,5  for 
free  turbulent  flow  /7/.  Then  from  (2)  we 
obtain  k^  =  A  ^ C^c  where  A  is  constant  with 
the  dimension  of  length.   In  Fig.   1  the  tem- 
pérature dependence  of  k^/A     is  given  for 
SFg  at  0.8  riPa,  calculated  from  data  in  /8/. 
For  the  solution  of  (1),   it  is  convenient 
to  introduce  turbulent  heat  flux  potential 
G  =    f  ^t^-^  variable  instead  of 

T.  Eqûatio 

â^G  , 
àr^ 

Arc  current  is  given  by  Ohm 's  law 

i  -  27r  E  J  r  0-dr  (4) 
Equations   (3)   and    (4)  with  unknowns  G  (r,t)^ 
i  (t),  E(t)   can  be  solved  using  data  of 
transport  properties  of  the  gas   Cr(G),  cfG) 
together  with  circuit  équations.  The  mate- 
rial  functions   <r(G)and  c(G),  which  détermi- 
ne the  effect  of  gas  properties  on  the  arc 
behaviour,  are  given  in  Fig.   2  for  SF^  at 
p  -  0,8  MPa. 

Calculations  were  made  for  the  circuit  with 
sériai  inductance  L  and  parallel  capacity 

and  resistive-capacity  RC2  branches. 
Equations  (3)  ,  (4)   together  with  circuit 
équations  were  normalized  to  reduce  number 
of  independent  constants.  Nondimensional 
energy  équation  and  Ohm  s  law  are  given  by 


âG 

Ac  "TE 
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r  dx 


(6) 


where  G,  0",   c  are  functions  normalized  to 
their  axial  value  at  t-0,   i-i/i^,  v»v/v^  - 
=  E/E^,  x-r/R  and  T -t/^^,  where  is 
characteristic  time  constant.  The  behaviour 
of  arc  in  a  given  circuit  is  determined  by 
two  nondimensional  parameters 


R  E,(Ù« 


(7> 


further  by  the  initial  profile  G (x, t-0) and 
initial  axial  value  G     ,  which  define  also 

/  \-i 

the  value  of  parameter  X"» (  J  x  <r(x ,  t»0)  dx )  . 

The  Bessel  profile  of  G  within  conductive 
core  and  logarithmic  profile  in  interme- 
diate  région  are  supposed  to  occur  at  time 
t-0 

^(x,r=0)  =  \  +(l-Gj^)jJo<^x)   for  xix^^OI 

G(x,r=0)  =0^  In  X  for  x^^<xél  (lO) 

where  x       is  a  normalized  radius  of  con- 

co  ^ 
ductive  core  at  t-0,  G,  »G,  /G  ^,  where  G, 
h     h     ao  h 
is  minimum  value  of  G  for  which  <r^0.  For 

given  G^^  the  values  of  G^^,  ^^qiOLi  and 
can  be  evaluated  from  the  condition  of  con- 
tinuity  of  heat  flux  (  i.e.  3g/3  x)at  x=x  . 
Calculated  waveforms  of  current,  voltage, 
axial  value  G^  and  radius  of  conductive  co- 
re x^  are  shown  in  Fig.   3  for  the  case  near 
the  boundary  for  thermal  reignition  of  arc. 
Fig.    4  présents  the  results  in  the  Mayr 's 
plot  giving  information  about  character  of 
dynamic  behaviour  of  the  arc.  The  calcula- 
ted curve  is  compared  with  the  results  of 
measurements  on  SF^  arc  in  the  same  elec- 
tric  circuit.   It  can  be  seen  that  observed 
typical  rapid  changes  of  relative  derivati- 
ve  of  conductivity  in  the  vicinity  of  cur- 
rent zéro  can  be  properly  described  by  the 
model. 
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SPECTROSCOPIC  ANALYSIS  CF  PREBREAKDOWN-PHASE  FROM  POSITIVE  CORONA  INTO  SPARK  IN  N2 
G.H.  Bauer. 

Institut  fuer  Physikalisahe  Elektronik,  Universitaet  Stuttgart,  F.R.G. 


Abstract.  The  propagation  of  prebreaikdown 
(streamer) from  a  quasistationary  positive 
point-to-plane  corona  into  spark  in  ^2  is 
investigated  by  spatial  and  time  resolved 
spectroscopic  methods . 

Two  luminous  fronts,  starting  from  the 
anode  point,  are  found  to  traverse  the  gap 
before  the  bright  spark  occurs  which  is 
correlated  to  the  collapse  of  the  applied 
voltage. 

An  évaluation  of  the  spectroscopic  results 
and  their  corrélation  to  the  electric  cur- 
rent  give  information  about  data  like  dia- 
meter, velocity  of  the  first  front (streamer) 
and  its  gas  température,  électron  energy, 
electric  field  and  number  resp.  density 
of  électrons. 

Expérimental  setuo  and  procédure. 
A  high  frequency  coaxial  cable  discharge 
system(>1GHz)   described  in  /I/,  has  been 
used  to  investigate  the  transition  of  a 
positive  corona  into  spark.   The  électrodes 
consist  of  a  point  (Pt,   radius  130  ^uin)  and 
a  polished  plane (Pt)    in  a  distance  of  18mm. 
The  discharge  tube  is  filled  with  H2».53bar 
(impurities<100  ppm,  mass-spectr.  analysis). 
The  predischarge,  which  is  followed  by  the 
bright  spark,   starts  at  14.6kV(rise  of  vol- 
tage 1.3kV/ms),   so  that  this  process  can  be 
repeated  periodically  by  90  Hz. 
The  radiation  emitted  from  the  discharge  is 
focused  by  a  parabolic  mirror  perpendicular 
to  the  slit  of  a  0.3  m  monochromator (grat- 
ing   1200  L/mm,  blazed  300  nm  resp.   500  nm, 
^î:2.6  nm/mm)  .  To  the  monochromator  a  fast 
photomultiplier  with  high  gain  is  matched 
(risetime  2.5ns,  cooled  to  -30°C) . 
Current  measurements  were  made  with  a  co- 
axial foil  resistor/2/ (risetime<100  ps ) , 
which  is  installed  in  the  discharge  tube 


System. For  time  scale  corrélation  of  radia- 
tion and  current  a  pindiode  was  used  with  a 
risetime  of  300  ps  and  a  neglegible  delay. 
In  this  experiment  radiation  and  electric 
current  have  been  reproducable  suf f iciently , 
so  that  thcy  could  be  detected  either  in  a 
sampling  oscilloscope ( 200  ps)   with  a  con- 
nected  digital  averager  or  in  a  boxcar-ave- 
rager  (aperture  time<100  ps) . 
Expérimental  results.  The  radiation  occur- 
ing  during  this  predischarge,  which  pre- 
ceeds  the  spark,  nearly  exclusive  origina- 
tes  from        molécules.   It  m.ainly  consista 
33 

of  the  2.pos.   system(C  li   -  E>  n    );   very  v/eak 
^         9         2  +     2  + 
intensities  of  the  l.neg.   systemi(B  I^-X  1^) 

could  be  observed  too  (about  factor  10  ^) . 
Both  Systems  show  a  spatial-temporal  deve- 
lopment,  which  is  interpreted  as  tvro  ion- 
izing/exciting  fronts,   figure  1   and  2  show 
equidensities  of  relative  radiation  inten- 
sities of  the  two  Systems.   Thèse  figures 
have  been  constructed  out  of  the  radiation 
intensities,  which  had  been  measured  with 
axial  and  temporal  resolution ( lO^um, 4ns ) . 
This  description  is  sim.ilar  to  a  one  wave- 
length  concerning  streak-camera-photo ,  that 
moreover  does  not  shov;  convolution  effects 
of  the  radial  profil  of  the  discharge  and 
the  m.oving  shutter. 

Luminous  fronts  like  thèse  or  similar  oncs 
have  been  detected  in  parallel  geometry 
/3,4,5/  and  in  point-plane  geometry/6 , 7/. 
The  electric  current  corresponding  to  tho 
fronts  is  shown  in  figure  3.  There  is  a 
fast  rise  of  current  when  the  first  front 
moves  to  the  cathode  and  a  sort  of  stag- 
nancy  in  current  rise  when  the  second 
front  moves  with  decreasing  velocity  to 
the  plane.  Additional  a  cathode  spot  can 
be  observed. 
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Data  for  the  first  front.  The  évaluation 
of  spectroscopic  results  for  géométrie 
data  yields  a  diameter  of  60^iain  and  a  length 
of    (300-400) ^um.  The  velocity  at  the  anode 
is  about  3x10^cin/s  increasing  to  3xl0^cm/s 
at  the  cathode. 

The  gas  température  is  determined  from  un- 
resolved  bands  by  simulating  in  a  computer 
the  convolution  of  rotational  lines  of  ail 
branches  and  the  spectral  profil  function 
of  the  monochromator.  Fitting  the  simulated 
function  to  the  measured  one  yields  a 
ga"^  température  of  350  K. 

Llectron  energy  is  determined  by  measuring 
the  relative  ratios  of  radiative  transiti- 
ons of  two  band  Systems (e. g.   2.pos.  and 
l.neg.   system) .  Taking  into  account  the 
spécifie  pressure  dépendent  quenching-f ac- 
tor  for  each  vibrational  transition  and  re- 
garding  those  sections  of  the  whole  band- 
system  which  had  been  detected,   the  ratios 
of  exciting  processes  can  be  found.  With 
an  électron  energy  distribution (not  Max- 
wellian!)   that  had  been  calculated  by  solv- 
ing  Boltzmann-transport-equation/8,9/  a 
variety  of  ratios  for  exciting  processes 
is  computed  and  fitted  to  the  measured  one. 
ihus  a  mean  value  of  eletron  energy  of 
{6.5-7)eV  was  found.  The  corresponding  elec- 
tric  field  is    { 80-85 ) kV/cm. 
The  nunber  resp.  density  of  électrons  in 
the  first  front,  v/hich  now  should  be  called 
streamer,   is  determined  with  data  for  the 
probability  of  exciting  the  2.pos.  system 
from  Legler/10/.   The  results  are  shown  in 
figure  4. 
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plane  (cathode) 


figure  1:   rel .   radiation  intensity  of  the 
2.pos.   System  in       (\=337 . Inm) 
plane  (cathode)  


figure  2:   rel.  radiation  intensity  of  the 
l.neg.   system  in       (X=39 1 . 4nm) 

i102 


10^ 


ti-200ns  tj  -100ns     ^   tj^ 

figure  3:   development  of  discharge  current 


point  (anode)        '  plane  (cathode) 

figure  4:  number  resp.  density  of  électrons?' 
in  the  first  front (streamer ) 
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RECHERCHES  SUR  LA  FOUDRE  EN  FRANCE 

Le  Groupe  de  Recherches  de  Saint-Privat-d' Allier. 

Saint- Pï-ivat-d  'A  l  lier. 

Une  station  expérimentale  d'étude  de  la  foudre  a  été 
érigée  en  1973,  dans  le  Massif  Central  à  SAINT-PRI- 
VAT-D'ALLIER  (Haute-Loire).  Sa  principale  originali- 
té est  le  déclenchement  artificiel  des  coups  de  fou- 
dre par  la  technique  "fusée-fil"  dont  la  validité 
a  été  démontrée  avec  succès  par  le  Professeur 
M. M.  NEWMAN. 
LES  OBJECTIFS 

Cette  station  est  exploitée  conjointement  depuis 
1973  par  ELECTRICITE  DE  FRANCE  (EDF)  et  le  Commis- 
sariat à  l'Energie  Atomique  (CEA  -  Centres  de 
GRENOBLE  et  de  SACLAY)  auxquels  se  sont  associés 
en  197A  le  Laboratoire  de  Détection  et  de  Géophy- 
sique  (CEA  -  LDG      BRUYERES  LE  CHATEL)  en  1975.1e 
Centre  National  d'Etudes  des  Télécommunications 
(CNET  -  LANNION)  en  1977  l'Université  de  CLERMONT- 
FERRAND  (Institut  de  Physique  du  Globe)  et  l'ONERA 
(Office  National  d'Etudes  et  de  Recherches  Aérospa- 
tiales -  CHATILLON),  et  en  1978  le  LPA  (Laboratoire 
de  Physique  de  l'Atmosphère  de  TOULOUSE). 
Cette  collaboration  a  été  établie  pour  tirer  partie 
de  la  possibilité  d'obtenir  des  coups  de  foudre 
en  un  lieu  et  à  un  instant  choisis,  chaque  organisme 
ayant  ses  propres  objectifs. 

EDF  étudie  la  protection  des  lignes  THT  contre  les 
coups  de  foudre  directs  et  les  surtensions  induites 
par  les  coups  de  foudre  proches  des  lignes  MT-BT, 
le  CEA,  intéressé  par  la  physique  de  la  décharge, 
étudie  les  propriétés  générales  des  coups  de  foudre 
articiciellement  déclenchés  et  des  coups  de  foudre 
naturels;  le  Centre  de  GRENOBLE  du  CEA  étudie  pour 
sa  part  la  tenue  à  la  foudre  de  différents  équipe- 
ments. Le  CNET  a  pour  but  principal  la  protection 
des  lignes  de  télécommunication  et  étudie  en  colla- 
boration avec  le  LDG  la  propagation  des  ondes  élec- 
tromagnétiques créées  par  les  coups  de  foudre. 
L'ONERA  effectue  des  recherches  sur  la  protection 
des  aéronefs  contre  les  phénomènes  induits  et  les 
coups  de  foudre  directs.  L'IOPG  recherche  avec  un 
radar  météorologique  une  corrélation  entre  la  struc- 
ture des  précipitations  et  des  charges  neutralisées 


par  la  foudre.  Le  LPA  étudie  le  champ  électrique  au 
sein  des  nuages  à  l'aide  de  ballons  sondes. 
LES  INSTALLATIONS  EXPERIMENTALES 

La  station  expérimentale  comprend  essentiellement  le 
site  principal  et  6  stations  périphériques. 
Le  site  principal  comporte: 

a)  deux  aires  de  tir:  l'une  à  partir  du  sol,  l'autre 
à  partir  d'un  pylône,  du  type  de  ceux  qu'utilise 
EDF  pour  les  lignes  90  kV.  L'ensemble  permet  de  lan- 
cer 10  fusées  au  cours  d'un  orage,  sans  recharger 
les  rampes  de  lancement. 

b)  Une  centrale  de  commande,  formée  d'unedouble 
cage  de  FARADAY,  qui  constitue  en  même  temps  un  abri 
sûr  pour  le  personnel.  Toutes  les  liaisons  de  com- 
mande sont  effectuées  par  air  comprimé,  afin  d'assu- 
rer une  séparation  électrique  totale  entre  l'inté- 
rieur et  l'extérieur  de  l'abri. 

c)  De  nombreux',  équipements  de  mesure  du  courant  de 
foudre,  du  champ  électrique  au  sol,  du  champ  élec- 
tromagnétique proche,  du  champ  acoustique,  des  phéno- 
mènes lumineux  produits  par  la  décharge,  etc. 

Les  six  stations  périphériques,  distantes  de  plu- 
sieurs kilomètres,  permettent  également  des  obser- 
vations photographiques  et  optiques,  des  mesures  du 
champ  électromagnétique;  le  radar  météorologique  est 
quant  à  lui,  installé  à  12  km  du  site  principal. 
LA  TECHNIQUE  DE  DECLENCHEMENT  DE  LA  FOUDRE 
La  technique  de  tir  utilisée  a  été  mise  au  point 
par  le  CEA  (Centre  de  GRENOBLE).  Elle  consiste  à 
lancer  vers  les  nuages  d'orage  une  petite  fusée  du 
type  paragrèle  entrainant  un  mince  fil  métallique 
issu  d'un  dérouleur  fixé  au  sol. 

En  l'absence  d'un  déclenchement,  la  fusée,  freinée 
par  le  fil,  est  capable  d'atteindre  une  hauteur  de, 
700m  en  cinq  secondes;  pour  des  raisons  de  sécurité 
une  charge  explosive  la  détruit  alors. 
En  présence  de  nuages  orageux,  le  critère^  de  réus- 
site du  déclenchement  de  la  foudre  est  la  valeur  du 
champ  électrique  mesuré  au  sol;  l'expérience  a  mon- 
tré que  le  déclenchement  est  quasi-certain  à  partir 
d'un  champ  négatif  (nuage  négatif,  sol  positif)  de 
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Fig.I  Photographie  statique  d'un  coup  de  foudri 
déclenché,  vu  d'une  distance  de  2,7  km 


Fig.2  Composante  persistante  d 

a)  tir  7616  courant  persistant 

b)  tir  7629  courant  persistant 
perposées.  (l'amplitude  de 
pas  respectée) . 


3  déclenché: 


;  de  courant  de  foudre  enregist 
à  balayage  rapide  (tir  7716) . 


6  à  10  kV/m.  Le  coup  de  foudre  se  produit  alors  po- 
ur des  longueurs  de  fil  déroulé  comprises  entre  50 
et  520m,  c'est  à  dire  bien  avant  que  la  fusée  ait 
atteint  sa  hauteur  maximale.  Sans  que  la  corréla- 
tion soit  rigoureuse,  il  semblerait  que  le  déclen- 
chement est  d'autantplus  précoce  que  le  champ  au 
sol  à  l'instant  du  départ  de  la  fusée  est  élevé. 
Les  courants  de  foudre  parcourent  le  fil,  tout  en 
le  vaporisant  rapidement,  et  peuvent  être  recueillis 
et  mesurés  au  point  d'arrimage. 
LES  CARACTERISTIQUES  DE  LA  FOUDRE  DECLENCHEE 
Résultats  généraux.  En  6  années  d'exploitation  de  la 
Station  (1973-1978)  148  tirs  ont  été  effectués 
au  cours  de  39  orages.  IIA  tirs  se  sont  déroulés 
correctement,  et  84  coups  de  foudre  ont  été  déclen- 
chés. Si  on  élimine  les  34  échecs  dus  à  des  causes 


mécaniques  telles  que  rupture  d'attelage  du  fil.etc 
on  relève  un  taux  de  réussite  des  tirs  de  73%, 
taux  ayant  même  atteint  93%  en  1978.  Lorsque  le  tir 
est  techniquement  correct,  l'échec  est  généralement 
lié  à  un  coup  de  foudre  naturel  ayant  devancé  le 
déclenchement,  ou  à  un  champ  insuffisant. 
Observations  optiques.  Elles  montrent  que  la  foudre 
déclenchée  artificiellement  est  du  type  ascendant 
(Fig.l)  présentant  des  propriétés  semblables  à  la 
foudre  naturelle  frappant  les  structures  élevées. 
Le  coup  de  foudre  est  initié  par  un  précurseur  asce- 
ndant, se  développant  à  partir  de  la  fusée  (upwards- 
leader)  et  progressant  vers  le  nuage,  en  se  rami- 
fiant, avec  une  vitesse  de  2  à  lO.IO^m/s.  Lorsque  ces 
ramifications  atteignent  le  nuage  il  apparait  dans 
2  cas  sur  3  des  réilluminations  brèves  et  intenses, 
auxquelles  correspondent  des  courants  impulsionnels, 
On  observe  alors  un  "return-stroke"  dont  la  vitesse 
mesurée  en  tenant  compte  de  la  longueur  réelle  du 
canal  de  l'éclair  est  comprise  entre  0,5  et  2.10^m/s 
Analyse  des  courants. Un  coup  comporte  toujours  un 
courant  persistant,  inférieur  au       kA,  s'écoulant 
pendant  la  décharge.  Dans  2/3  des  cas  il  s'y  super^ 
pose  une  série  d'impulsions  brèves,  de  10  à  20  kA 
et  de  temps  de  front  inférieur  à  0,5ys  (Fig.2  &  3). 
Le  tableau  ci-dessous  rassemble  les  données  relati- 
ves à  ces  courants.  Il  indique  le  pourcentage  des 
coups  de  foudr( 


nt  dépassé  les 

valeu 

rs  indiquée 

90  50 

MAS. 

2,5  12 

21 

42 

0,1  0,3 

7  30 

140 

6.10^  6.103 

5.10* 

5,6.10'' 

15 

250  420 

1070 

DUREE  TOTALE  m 

Coups  anormaux: Par  un  processus  encore  incomplè- 
tement éclairci,  la  foudre  a  quitté  le  fil  au  v< 
sinage  du  sol  à  14  reprises. 
Comparaison  a 


laturels .  Semblables 


aux  coups  naturels,  les  coups  déclenchés  ont  en 
commun  avec  les  coups  descendants  les  caractéris- 
tiques des  impulsions  secondaires  mais  en  différent 
par  l'absence  d'une  première  impulsion,  de  forte 
amplitude  mais  de  raideur  moindre.  Depuis  deux  ans 
les  caractéristiques  des  éclairs  naturels  sont  éga- 


lement mesurées. 
En  1978  la  collaboratio 
connaître  la  foudre  et 
pements  a  permis  d'obte 
qui  seront  présentés  au 


de  8  équipes  pour  mieux 
:s  effets  sur  divers  équi- 
r  de  nombreux  résultats 
participants  du  Congrès. 
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THEORY  OF  ARC  CLOGGING  IN  NOZZLES 


P.  Kovitya,  J.J.  Lowke  and  A.D.  Stokes. 

University  of  Sydney,  Australia. 


Introduction:     Previously  a  simple  channel  model  has 
been  used  to  successfully  predlct  propertles  of  low 
current  arcs  in  forced  flow  in  a  nozzle  [1]  .  The 
présent  paper  extends  thls  treatment  to  large  curr- 
ents  when  mass  flow  through  the  arc  is  an  appréci- 
able fraction  of  the  cold  gas  flow  surrounding  the 
arc.     It  is  necessary  to  solve  the  axial  momentum 
and  mass  continuity  équations  to  obtain  the  axial 
pressure  and  velocity  distributions.     At  sufficient- 
ly  large  currents  the  arc  diameter  equals  the  nozzle 
diameter  at  some  axial  positions.     Then  ablation 
from  the  nozzle  wall  markedly  increases  the  pressure 
within  the  nozzle. 

Theory :     It  is  assumed  that  the  arc  plasma  can  be 
represented  as  a  function  of  axial  position  z  by 
area  A(z)  and  température  T(z),  the  arc  being  iso- 
thermal with  radius.     When  the  arc  area  attains  the 
nozzle  area  it  is  assumed  that  ail  of  the  input 
electrical  energy  is  absorbed  at  the  nozzle  wall 
either  by  thermal  conduction  or  by  the  absorption  of 
radiation.     This  energy  then  ablates  wall  mater ial 
which  is  brought  to  the  arc  température  and  increas- 
es the  plasma  flow.     The  basic  conservation  équa- 
tions and  Ohm's  law  define  the  quantities  E(z),  T(z), 
V(2),  V  (z),  P(z),  A(z)  and  lîi(z)  where  E  is  the 
electric  field,  V  and  V    the  velocities  of  the  plas- 
ma and  cold  gas  respectively ,  P  is  the  pressure  and 
m  is  the  rate  of  mass  entry  into  the  arc  in  gm  s 
cm     .     Ohm's  Law  deflnes  the  electric  field  for  any 
input  current  I  where  a(T)  is  the  electrical  con- 
ductivity , 


defined  primarily  by  the  coupled  momentui 
balance  équation,  i.e.. 


I  = 


oEA 


(1) 


!rgy  balance  équation  at  the 


3T 


p  is  the  plasma  denslty,  C    the  spécifie  beat,  t 
P 

the  time  and  U  the  radiation  émission  coefficient 
giving  net  radiation  emitted  per  unit  volume  at  th< 
arc  centre. 

The  axial  velocity  and  pressure  distributions  are 


-  -  pV 


3V 


3(pA)_  _  3(pVA)  ^  ^ 
3t  3z 

3(p   (Q-A)  3(P  V  (Q-A)) 


Equations  (4)  and  (5)  express  mass  continuity  for 
the  plasma  and  cold  gas  régions  respectively;  the 
subscript  c  refers  to  the  cold  gas  surrounding  the 
arc  and  Q  is  the  nozzle  area.     Rather  than  solve  an 
additional  équation  for  axial  momentum  for  the  cold 
gas  we  assume  that  the  Mach  number  of  the  plasma 
equals  the  Mach  number  of  the  cold  gas. 
Thus  V  /a     =  V/a  (6) 

where  "a"  is  the  sonic  velocity. 

The  energy  balance  équation  integrated  over  a  cross 
section  of  the  arc  column  is 

3 (phA)  ^  ^^2  _  3(phVA) 

where  h  is  the  enthalpy  of  the  plasma.     Because  h 
<<  h  the  term  m  h    can  be  omitted.     Equation  (7) 
principally  defines  arc  area  when  A  <  Q.  However 
when  the  nozzle  is  clogged,   i.e.,  when  A  =  Q,  this 
équation  primarily  détermines  the  pressure  in  that 
for  the  steady  state,  P  increases  until  phVQ  at  the 
exlt  equals  the  input  electrical  power.     It  Is 
assumed  no  ablation  occurs  before  the  arc  core  di- 
ameter attains  the  nozzle  diameter. 

Manipulating  équations  (2),   (4)  and  (7)  together 

with  the  identity  3h/3t  =  C    3T/3t  it  is  possible 
P 

to  dérive 

m  =  UA/(h-h  )  ~  UA/h  (8) 
Thus  we  can  eliminate  m  from  the  équations  and 
avoid  using  équation  (7). 

Equations   (3-5)  and   (7)  are  expressed  in  the  time 
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dépendent  form  both  to  enable  time  dépendent  calcu- 
lations  to  be  made  and  also  to  provide  a  means  of 
Itération  on  arbitrary  initial  values  of  T(z),  A(z) 
and  V(z)  to  obtain  steady  state  solutions. 

In  the  numerical  résulta  that  follow,  we  bave 

assumed  that  a,  C  ,  h,  a  are  independent  of  pres- 
P 

sure  and  taken  values  for  air  at  1  atmosphère.  The 
values  of  U  and  p  are  assumed  to  be  proportional  to 
pressure.  For  cases  where  ablation  is  significant 
the  material  functions  should  be  those  of  the 
ablated  nozzle  material  but  we  have  found  that  they 
differ  only  slightly  at  high  températures  from  our 
calculations  of  material  functions  of  teflon,  PVC 
and  perspex. 

Results :     In  Fig.  1  are  shown  calculated  arc  radii 
as  a  function  of  axial  position  for  various  d.c. 
currents.     In  Fig.  2  the  calculated  pressure  dis- 
tributions are  shown  as  a  function  of  axial  posi- 
tion.    Above  2  kA,  the  arc  restricts  flow  in  the 
nozzle  and  the  local'  pressure  increases.     In  Fig.  3 
the  calculated  axial  Mach  number  distributions  are 
shown  for  various  currents.     At  30  kA  there  is  a 
stagnation  point  within  the  nozzle  and  a  flow  of 
plasma  back  into  the  high  pressure  tank. 

The  calculated  volt-ampere  characteristics  are 
shown  in  Fig.  A,  together  with  the  température  at 
the  nozzle  throat .     Also  shown  is  a  curve  calcu- 
lated with  the  nozzle  reversed,  the  throat  then 
being  near  the  exit . 

Référence: 

[1]      Lowke,  J.J.  and  Ludwig,  H.C.     J . Appl . Phys . , 
46,  3352  (1975). 


Fig.  1    Calculated  arc  radii  as  a  function  of  current 


Fig.  3    Axial  Mach  number  distribution 
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Fig.  4    Calculated  V-I  characteristics 
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A  SUBSONIC  ELECTRON  FLUID  AND  THE  FORMATION  OF  SMALL  SPARKS 
E.  Barreto  and  H.  Jurenka. 

Atmospheric  Saienaes  Research  Center,  State  University  of  New  York  at  Albany,  Albany,  New  York  12222. 


In  a  small  high  pressure  discharge  gap,  ava- 
lanches and  streamers  start  ionizatlon  but  do  not 
produce  gas  heatlng  or  a  conducting  bright  fila- 
mentary  channel.     The  électron  density  is  not  high 
enough  to  promote  the  ion-electron  interaction  that 
leads  to  rapid  neutral  gas  heating.     Nevertheless , 
long  after  initial  ionization  has  subsided  in  a 
gap,  a  very  rapid  transient  stage  is  produced. 
This  constitutes  the  spark  proper  and  changes  a 
weakly  lonized  cold  gas  into  a  hot,  highly  conduct- 
ing luminous  fluid.    The    spark  stage  may  incorpor- 
ate  very  rapidly  moving  luminous  fronts,  and  de- 
pending  on  the  power  supply,  may  lead  to  a  much 
cooler  arc  discharge.     It  has  been  suggested  many 
times  that  the  spark  transit!  m  can  be  associated 
with  électron  fluid  behavior:    For    instance ,  using 
2  mm  long  gaps  we  have  shown  that  the  initial 
ionization  produces  a  long-lived  high  température, 
non-equipartition  électron  fluid,  and  that  the 
propagation  of  fast  luminous  fronts  can  be  assoc- 
iated with  non-linear  électron  waves. ^     Here  we 
présent  évidence  to  show  that,  under  appropriate 
conditions,  subsonic  électron  fluid  behavior  can 
also  be  exhibited.     It  is  shown  that  heatlng  of 
the  gas  can  be  accomplished  by  électrons  that  be- 
have  as  a  fluid  and  undergo  subsonic  turbulent 
mixing.     From  a  practical  point  of  view,  the  study 
is  pertinent  to  problème  in  llghtning,  explosion 
and  ignition  of  combustible  gas  mixtures,  vacuum 
discharges  and  électrode  érosion  problems. 


-|-         Image  intensif ied  picture 


3  amp/div 


10  nsec/div 


Current  trace 


I  1     1  ym 

Electron  microscope  picture  of  cathode  spot 
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The  figure  shows  an  image  intensifiée!  picture 
of  a  discharge  produced  in  nitrogen  using  a  2  mm 
wide  uniform  field  gap  with  a  Cu  cathode  and  a  Au 
anode.     The  total  energy  used  is  0.20  mj  and  cor- 
responds to  the  minimum  value  required  to  ignite  a 
propane-air  mixture  in  the  same  gap.     N2  molécules 
are  heated  because  both  discharges  and  current 
traces  look  the  same.     The  gap  is  enclosed  in  a 
box  with  a  flexible  cover  that  allows  a  flow  of 
N2  to  be  maintained  across  the  discharge  région. 
Gas  flows  from  top  to  bottom  at  a  velocity  around 
100  m/ sec.     (The  total  volume  flow  is  58  cmVsec.) 
The  picture  illustrâtes  two  distinct  discharge 
features  that  are  supplemented  with  information 
from  oscilloscopic  recordings  of  the  current: 

a)  There  is  an  initial  stage  of  avalanche  ioniza- 
tion  associated  with  the  luminosity  near  the  élec- 
trodes.    The  assymetry  of  the  glow  around  the 
cathode  spot  shows  that  times  are  long  enough  to 
be  affected  by  the  transverse  gas  velocity.  Cur- 
rent traces  (procured  with  a  large  RC  time)  show 
that  the  initial  ionization  subsides  in  times  of 
the  order  of  a  microsecond  and  consumes  energy 
that  is  negligible  compared  to  the  stored  0.2  mJ. 
The  luminosity  illustrâtes  a  well  known  fact: 

the  whole  gap  is  full  of  ions  and  électrons  be- 
fore  the  spark. 

b)  The  conical  luminous  région  is  produced  long 
after  the  avalanche  current  has  died  out.  The 
cone  apex  is  at  the  cathode  spot  and  exhibits  an 
angle  that  varies  between  23°  and  27°.     This  angle 
is  much  larger  than  angles  of  the  order  of  3°  pro- 
duced by  avalanches  and  photographed  in  cloud 
chambers.     There  are  no  streamers  because  of  the 
short  gap  used.     The  current  associated  with  the 
formation  of  the  cone  is  recorded  with  a  small  RC 
time  ('\^10~^  sec).     It  reaches  a  peak  of  the  order 
of  10  A  in  a  smooth  puise  that  lasts  between  20 


and  40  nsec.     Cone  luminosity  is  obviously  un- 
affected  by  gas  flow  and  the  time  intervais  can 
only  be  accommodated  by  électron  motion.     The  area 
under  the  current  trace  equals  the  charge  in  the 
capacitor.     Hence,  almost  ail  the  available  energy 
goes  into  the  gap  during  the  cone  formation  stage. 
Thus  the  cone  is  identified  with  the  spark. 

Finally,  there  are  three  pertinent  facts 
associated  with  the  formation  of  a  cathode  spot: 
The  first  is  that  a  spark  is  never  produced  with- 
out  a  spot.     The  second  is  that  copious  field 
émission  is  always  produced  by  positive  ions  that 
accumulate  near  the  métal  cathode  surface  (e.g., 
in  the  oxide  layer) .     The  third  is  that  time- 
resolved  spectroscopic  records^  show  that  even 
smaller  sparks  do  not  exhibit  métal  lines  away 
from  the  cathode  surface  for  times  longer  than 
those  associated  with  cone  formation.     Without  get- 
ting  involved  in  the  physics  of  the  cathode  spot, 
we  may  conclude  that  the  cone  is  associated  with 
field  émission  from  the  cathode.     The  cone  angle 
recorded,  and  its  range  of  variation,  are  exactly 
those  for  a  subsonic  submerged  jet.'    We  conclude 
that  field  emitted  électrons  interact  as  a  fluid 
with  those  already  in  the  gap.     Turbulent  diffu- 
sive  mixing  between  collision  dominated  électrons 
raises  the  overall  électron  energy.  Additional 
ionization  is  produced  in  the  gap  and  leads  to 
the  critical  density  for  thermalization. 

*Work  supported  by  the  Office  of  Naval  Research. 
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- 1  -  Introduction 

A  very  important  problem,  for  the  heating  of 

dense  plasmas  like  laser  produced  plasmas  [l^ 
or  focus  type  plasma  [zjis  the  knowledge  of  the 
transport  properties.  Strong  electrical  fields  or 
strong  gradients  cause  the  appearance  of  micro- 
turbulences and  affect  the  conductivities.  In  the 
following  paper,  we  describe  measurements  of 
the  voltage  drop  over  high  density  discharges. 
Thèse  measurements  are  in  good  agreement. 
with  calculations  and  allow  the  détermination  of 
the  conductivity  of  a  plasma  at  a  density  about 
10^'^cm''^  and  a  température  8i)out  10^°K,  Com- 
parison  is  made  with  theory. 
2  -  Expérimental  set-up  [fj 

In  atmospheric  air,  a  stable  ionized  filament 
is  established  between  two  sharp  needles  3  cm 
apart.  A  capacitor  bank  having  2.6  |D  F  maximum 
capûcity  and  a  charge  voltage  varied  from  50kV 
to  100  kV  is  discharged  into  the  ionized  channel 
through  a  spark-gap  having  20  ns  rise-time.  The 
intensity  is  measured  by  means  of  a  Rogowski 
coll.  It  reaches  its  maximum  (100  kA  to  300  kA) 
whitin  1  ps.  The  radial  expansion  of  the  dischar- 
ge is  recorded  by  means  of  an  electronic  camé- 
ra S.  T.  L.  used  in  streak  mode  :  the  temporâl  re- 
solution is  4  ns/mm  and   the  spatial  resolutions 
is  0.1  mm.  The  expansion  speed  in  the  first  nano- 
seconds  is  25  km/s.  A  complex  System  of  shock 
waves  is  recorded  by  means  of  a  schlieren-me- 
thod.  The  main  shock  propagates  at  Mach  12 
during  1  to  2[Js.  Secondary  shocks  overtake  the 
main  shock  and  accelerate  it.  The  spectrum  of 

the  light  emitted  by  the  outer  shell  corresponds 
21  -3 

to  a  plasma  whose  density  is  10  cm  and  the 
température  10^  K. 


-nents  of  the  voltage  drop 


A  Kerr  cell  is  designed  for  this  purpose.  It 
is  filled  with  carbon  sulphur  of  high  purity.  The 
électrodes  are  1 60mm  x  1  0mm  and  5mm  spaced 
It  is  transilluminated  by  a  cw  He/Ne  laser.  The 
opening  of  the  Kerr  cell  is  calibrated  by  means 
of  square  puises  of  known  amplitudes  having 
200  ns  half-width. 

Two  puises  given  by  the  Kerr  cell  are  dis- 
played  on  figure  1  :  a)  during  the  calibration  pro- 
cédure; b)  with  the  discharge  of  a  0.  84  pF  capa- 
citor. charged  at  80  kV   ;  I         =  106  kA  at  the 

'  ^  max 

time  t  =  0.84  (Us,  The  first  large  puise  is  due 
to  the  rise  of  the  applied  voltage.  The  current 
starts  some  150  ns  after.  Peaks  numbered  from 
1  to  8  corresponds  to  bursts  in  the  voltage. 

Another  détermination  of  the  voltage  drop  is 
deduced  from  the  analysis  of  the  first  arch 
of  the  current.  It  is  displayed  on  figure  2  and 
a  good  agreement  between  the  two  déterminations 
is  obtained.  On  Fig.  3  the  calculated  transmission 
is  displayed. 

The  conductivity  is  the  calculated  assuming 


nstant  température  profile.  It  : 


about 


4  -  Conclusions 

In  order  to  compare  the  conductivity  with 
the  theory, the  core  plasma  parameters  must 
be  known.  The  magnetic  pressure,  the  kinetic 
pressure,  the  equilibrium  pressure  in  the  outer 
Shell  are  on  the  order  of  Ikbar.  This  gives  the 
product  NT.  Lf  we  assume  that  N  in  the  core  is 
about  10^*^cm'^  ,  T  is  about  10^°  K.  Th-is  is 
also  consistent  with  the  calculated  energy  depo- 
sited  by  joule  affect  about  2  kj/cm  . 

The  electric  field  over  the  discharge  is  rather 
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high,  about  10  kv/cm.  This  is  not  far  from 
Dreicer  critical  field  about  3J  0*  v/cm.  Locally 
it  is  not  surprising  that  the  electric  field  may 
exceed  it.  The  value  of  the  conductivity  corres 
ponds   ,  at  the  best,  to  the  formula    given  by 
Sadgeev  and  Galeev  [éj  : 


''drift  = 


:  plasma  frequency 

More  précision  is  needed  in  order  to  calculate 
the  conductivity  and  to  ascribe  its  value  to  mi- 
croturbulence.  A  détail  energy  balance  will  give 
also  the  thermal  conductivity.  It  may  be  calcu- 
lated  also  by  Franz -Widemann  law. 
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STUDIES  OF  THE  BASIC  PROCESSES  RESTONSIBLE  FOR  LASER-TRIGGERED  BREAKDOWN  DM  GASES 
P.F.  Williams,  R.J.  Crumley  and  M. A.  Gundersen. 
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A  number  of  technologically  important  appli- 
cations require  high  voltage,  high  current  switches 
which  operate  with  low  delay  and  jitter  in  the 
closure  time.     Laser-triggered  spark  gaps  offer 
significant  advantages  for  use  in  thèse  applica- 
tions in  that  the  switching  of  50  kV  with  a  delay 
in  the  range  of  3.0  ns.  and  jitter  in  the  0.1  ns . 
range  has  been  demonstrated.       In  this  paper  some 
expérimental  studies  intended  to  elucidate  the 
basic  physical  processes  important  in  such  devices 
are  described. 

In  a  typical  laser-triggered  discharge  exper- 
iment  a  spark  gap  is  placed  in  a  vacuum-tight  en- 
closure  which  may  be  filled  with  gas  to  any  de- 
sired  pressure  up  to  several  atmosphères.     A  static 
voltage  is  applied  to  the  gap,  and  the  gap  is  in- 
duced  to  break  down  by  the  focussed  output  beam  of 
a  pulsed  laser.     Only  modest  laser  energy  is  re- 
quired  (~1  mJ.)  and  breakdown  may  be  readily  in- 
duced  even  for  voltages  well  below  the  static 
breakdown  voltage  for  the  gap  (V5  0.6  V^g).  De- 
pénding  on  the  gap  voltage,  fill  gas  pressure  and 
Chemical  composition,  gap  geometry  and  dimensions, 
and  laser  energy  and  focussing,  the  delay  between 
the  triggering  laser  and  the  closure  of  the  gap 
may  range  from  1  ns .  to  several  //.s. 

In  order  to  investigate  the  basic  physical 
processes  occurring  in  laser-induced  breakdown,  the 
expérimental  set-up  shown  in  Fig.  1  was  used.  A 
spark  gap  consisting  of  two  aluminum  électrodes 
machined  with  a  Rowgowski  profile  was  enclosed  in 
a  stainless  steel  vacuum/pressure  cell.  Triggering 
was  accomplished  with  an        laser  which  delivered 
10  ns.,  5  mJ.  puises  of  3361  A  radiation.     The  beam 
was  focussed  through  a  window  and  then  a  small  hole 
in  the  upper  gap  électrode  onto  the  lower  électrode 
where  it  produced  a  small  plasma  "fireball"  when 
tightly  focussed.     For  ail  experiments  we  report 
here  the  gap  séparation  was  1  cm. 

A  charged  coaxial  cable  System  was  used  to 
apply  voltage  to  the  gap.     With  careful  matching  of 
the  50  O.  load  resistor  a  clean  current  puise  with 
no  ref lection-induced  after-pulses  was  obtained. 
Gap  current  was  determined  by  measuring  the  voltage 
across  the  load  resistor.     Optical  access  to  the 


Fig.  1  Schematic  drawing  of  expérimental  setup. 


discharge  for  spectral  analysis  of  the  émission  was 
provided  by  a  second  window  transverse  to  the  gap 
axis.     An  0.5  m.  spectrograph  coupled  with  a 
computer-controlled  optical  multichannel  analyzer 
was  used  to  obtain  spectra  of  the  discharge. 
Gating  of  the  SIT  detector  of  the  analyzer  provided 
temporal  resolution  down  to  50  ns . 

Although  preconditioning  of  the  arc  channel  by 
the  triggering  laser  probably  plays  a  rôle  in  the 
breakdown  process,  the  small  plasma  fireball  pro- 
duced by  the  focussed  laser  striking  the  lower 
électrode  is  primarily  responsible  for  the  gap 
closure.     We  have  conducted  a  number  of  experiments 
designed  to  characterize  the  plasma  in  the  fire- 
ball.    In  one  set  of  experiments  the  vacuum  cell 
was  evacuated  (P<  1 /U)  and  a  low  voltage  applied 
to  the  gap.     Under  thèse  conditions  the  triggering 
laser  did  not  cause  the  gap  to  breakdown,  but  a 
current  pùlse  due  to  the  plasma  of  the  fireball 
was  observed.     Charge  multiplication  from  ioniza- 
tion  and  other,  secondary,  processes  was  unimpor- 
tant  so  that  the  integrated  current  of  the  puise 
was  indicative  of  the  free  charge  in  the  fireball. 

The  oscillograms  in  Figs.  2a  and  2b  show  the 
current  puises  observed  under  thèse  conditions  with 
+23  and  -23  volts  respectively  applied  to  the  gap. 
The  diagrams  to  the  side  of  each  oscillogram  clar- 
ify  the  polarity  used  in  each.     For  both  polarities 
the  integrated  current  is  essentially  the  same , 
~2  X  10  ^  coul. ,  supporting  the  contention  that 
charge  multiplication  was  not  important  in  thèse 
experiments.     This  amount  of  charge  is  significant 
and  strong  space-charge  fields,  such  as  appear 
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^urrent  puises  observed  in  an  evacuated  gap 
vith  ±  23  volts.  Voltage  polarlty  is  Indicated 
it  the  left. 


necessary  to  explain  the  ability  of  the  laser  to 
cause  gap  breakdown  for  voltages  signif icantly 
below  the  static  breakdown  voltage,  can  be  produced 
in  the  plasma  sheaths.     Similar  experiments  have 
been  carried  out  in  hydrogen  at  pressures  up  to  a 
few  Torr.     In  thèse  experiments  for  voltage  polar- 
ÏLy  sucu  that  négative  charges  traverse  the  gap, 
clear  évidence  for  ionization-induced  current  is 
seen  even  for  gap  voltages  as  low  as  10  volts. 

We  are  also  carrying  out  a  program  to  déter- 
mine the  électron  density  during  the  arc  phase  of 
laser-triggered  discharges  in  hydrogen  using  Stark 
broadening  measurements .  With  this  technique  we 
have  obtained  temporally-resolved  électron  density 
information  during  the  arc,  and  for  times  extending 
to  approximately  1  /<s.  into  the  after-glow. 

Electron  density  data  obtained  in  this  fashion 
are  shown  in  Fig.  3,  along  with  the  gap  current 
puise,  for  300  Torr  of  hydrogen  and  gap  voltage 
approximately  80%  of  the  static  breakdown  value. 
As  might  be  expected,  thèse  results  are  similar 
to  those  observed  by  other  workers  for  over-volted 
gaps  in  hydrogen.^    To  obtain  the  spectra  from 
which  thèse  results  were  derived,  the  image  of  the 
arc  V 


1  the  entr. 


spectrograph,  and  thèse  densities  represent,  then 
fore,  a  weighted  average  over  the  diameter  and 
length  of  the  arc  channel.     Abel  inversion  tech- 
niques have  been  used  to  unfold  the  radial  varia- 
tion of  the  électron  densities,  and  preliminary 
results  indicate  that  the  variations  across  the 
diameter  of  the  luminous  column  are  not  large, 
being  of  the  order  of  25%.     Variations  along  the 


Current  and  Electron  Density 
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length  of  the  column  may  be  determlned  directly, 
and  in  our  experiments  the  électron  density  dis- 
played  essentially  the  same  time  behavior  at  ail 
points  monitored  along  this  dimension. 
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CHARACTERISTICS  OF  A  HIGH  DENSITY  DIRECTED  PLASMA  SOURCE 


L.P.  Bradley  and  E.L.  Orham, 
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We  have  developed  a  plasma  source  to  produce 
a  plasma  of  lO^Vcm"^  particle  density  and  project 
it  with  a  velocity  of  2.4  cm/ys.    This  device  will 
be  used  in  the  output  spatial  filter  of  Nova,  a 
laser  for  fusion,  to  project  a  critical  density 
plasma  across  the  optical  beam  path  and  block  tar- 
get  retroreflected  light.    The  object  of  this  paper 
is  to  describe  the  design  of  the  source,  présent  a 
numerical  model  for  the  plasma  and  discuss  in 
détail  the  expérimental  characterization  of  the 
plasma. 

A  low  inductance  parai lel  capacitor  bank  with 
UV  illuminated  spark  gaps  produces  a  current  rising 
at  5  X  10^^  amp/sec  and  has  1  ns  jitter.  Two 
groups  of  capacitors  within  the  bank  are  tuned  to 
optimal ly  burst  a  wire,  thereby  producing  a  plasma, 
and  to  magnetically  propel  the  plasma.    The  wire  is 
contained  within  a  nozzle  and  has  the  électrodes 
extended  in  a  rail  gun  configuration.    In  our 
application,  this  geometry  directs  the  plasma 
across  the  beam  path  and  minimizes  vapor  leakage 
toward  the  optics.    A  dump  tank  collects  the  bulk 
of.the  plasma,  and  baffles  with  an  orthagonal 
0.1  T  magnetic  field  collect  the  plasma  débris 
and  protect  the  optics.    The  puiser,  plasma  source, 
and  collectors  were  retrofitted  into  a  Shiva  20  cm 
aperture,  f/10  spatial  filter  and  the  plasma  was 
characterized.    The  expérimental  geometry  is  shown 
in  Figure  1  with  expanded  détail  of  the  électrode 
région  shown  in  Figure  2. 

The  plasma  velocity  was  measured  with  Farada> 
cups  and  streak  caméra.    The  plasma  divergence  was 
recorded  with  witness  plates  and  Faraday  cups. 
Thèse  data  with  the  known  geometry  permit  a 


détermination  of  the  plasma  density.    A  self  con- 
sistant Lagrangian  numerical  program  modeled  the 
pre  and  post  burst  behavior  of  the  wire  and  includ- 
ed  driving  circuit  parameters  and  magnetohydro- 
dynamic  effects.    It  predicted  the  évolution  of  the 
plasma  density  and  température.    The  code  was  use- 
ful  for  design  and  optimization  of  the  nonlinear 
circuit  and  for  interprétation  of  the  data. 

A  particular  représentative  configuration 
used  a  125  ym  diameter  aluminum  wire  sublimed  by  a 
100  kA  peak  current.    The  measured  plasma  velocity 
was  2,4  cm/ys,  a  value  sufficiently  fast  to  inject 
the  plasma  after  the  target  directed  laser  puise 
passed  by  before  the  retropulse  returned.  The 
plasma  density  assuming  single  ionization  for 
aluminum  exceeded  lO^^cm"^,  a  conservative  value 
for  blocking  the  1.06  ym  wavelength  light.  Ex- 
cellent agreement  was  found  with  thèse  data  and 
code  prédictions.    A  probe  laser  was  blocked  as 
expected.    The  plasma  volume  is  calculated  to  be 
sufficiently  large  to  prevent  optical  burnthrough 
by  a  10  kJ,  5  ns  laser  puise.    Using  a  radiotracer 
technique,  we  determined  that  less  than 
10^^  atoms/cm^  were  deposited  on  the  optics  per 
shot. 


Figure  1:  Plasma  Shutter  Expérimental  Configuration 
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Figure  2:  Plasma  Source  Geometry 


*Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  the  Lawrence  Livermore 
Laboratory  under  contract  number  W-7405-ENG-48. 
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MEASUREMENTS  AT  CURRENT  ZERO  IN  A  SF^  GAS  BLAST  BREAKER 
R.  Moll  and  E.  Schade. 

Bvcwn  Boveri,  Research  Center  CH-5405  Baden,  Switzerland. 


INTRODUCTION 

Post  arc  current  measurements  are  important 
for  checking  the  range  of  validity  of  ,arc 
models  which  quantitatively  predict  the  post 
arc  currents  in  h.v.  breakers  according  to 
the  residual  conductivity   |e.g.   l|.   In  the 
case  of  SFg  axially  blown  arcs  however, 
such  measurements  place  high  demands  on 
the  measuring  equipment  because  of  the  rap- 
id  recovery  that  takes  place.  To  date  only 
few  measurements  in  this  régime  have  been 
reported,  and  those  were  obtained  under 
various  conditions   |2,3,4|.  It  has  even 
been  stated  that  SFg  post  arc  currents  can- 
not  be  detected.  In  the  following  report  a 
measuring  method  is  described  which  detects 
currents  far  below  1  A  | 5 | .  Tests  are  car- 
ried  out  with  this  measuring  System  (re- 
sponse  time         <  35  ns)   on  a  métal  vapour- 
free  axially  blown  SF^  arc. 

EXPERIMENTAL  SETUP 

The  nozzle  arrangement  selected  (Fig.  2) 
permits  unrestricted  optical  observations 
except  for  the  narrow  orifice  région  (high 
speed-,schlieren  photography) .  The  vapour 
produced  by  the  upstream  électrode  is  drawn 
off  through  a  sraall  orifice  in  the  élec- 
trode. A  square-wave  current  puise   (1.5  kA, 
5  ms)   followed  by  a  decay  rate  of  30  A/ys 
is  generated  by  an  LC  network   | 6 | .  The  arc 
forms  a  stable  plasma  column  up-stream, 
while  it  is  greatly  influenced  by  turbu- 
lence downstream  (Fig.   3) . 

The  recovery  voltage  is  supplied  by  a  h.v. 
LC  network   (Fig.l).  The  spark  gap  F  is 
fired  approx.   25  us  before  the  end  of  the 
1.5  kA  puise   (current  injection,  Fig. 5, 7). 


The  RRRV  is  determined  by  resistor  R2 . 
The  post  arc  current  is  determined  from  the 
voltage  drop  across  the  10  Q  shunt  Rg, 
which  is  short  circuited  by  the  fast  diode 
D  before  current  zéro. 


Fig.   1:     HS :  vacuum  breaker 

W   :   current  transformer 

T   :   resistor/capacitor  divider 

(t     <  5  ns) 
KO:  batte ry-powered  oscilloscope 


In  this  measuring  arrangement  strict  coax- 
ial  design  of  ail  components  must  be  pre- 
served.  Also  the  diode  D  consists  of  many 
coaxilly  arranged  diodes.   In  addition,  the 
diode  characteristics  should  include  a  high 
maximum  peak  forward  surge  current^  high 
reverse  voltage  in  case  of  a  restrike  of 
the  test  section,   low  reverse  currents,  low 
junction  capacitance  and  a  short  recovery 
time.   Since  it  is  not  possible  to  obtain 
ail  thèse  requirements  simultaneously ,  the 
most  favourable  compromise  must  be  sought  , 
for  each  measuring  task .  The  response  time 
T     of  the  post  arc  current  measuring  device 
is  less  than  35  ns . 

RESULTS  AND  DISCUSSION 

The  measuring  setup  enabled  précise  post 
arc  current  investigations  to  be  performed. 
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A  great  number  of  tests  showed  that  in  the 
case  of  interruption  measurable  post  arc 
currents   (Fig.6)   occur  only  under  condi- 
tions lying  at  the  limit  between  extinction 
and  thermal  reignition.  Fig.   4  shows  a  post 
arc  current  measurement  during  reignition 
near  the  critical  condition.  The  post  arc 
currents  measured  agrée  im  amplitude  and 
temporal  évolution  with  theoretical  values 
|l|,   although  in  the  experiment  the  current 
decay  rate  is  seen  not  to  have  a  single 
constant  value   (Fig. 5, 7).  To  a  great  extent 
the  voltage  rise   (0.27  kV/ys)   at  the  cur- 
rent zéro  is  linear.  The  extinction  limit 
measured  agrées  with  the  theoretical  values 
I 1 I ,  when  an  average  current  decay  rate 
(20  A/ys)    is  assumed.  The  limited  observa- 
tion of  post  arc  currents  leads  us  to  be- 


Fig.  3  Schlieren  record 
Peignition 


lieve  that  insulating  layers  are  encoun- 
tered  which  must  be  broken  down,  and  that 
this  is  only  possible  in  the  vicinity  of 
the  extinction  limit  and  often  leads  to  r 
ignition.   Investigations  with  other  net- 
works confirm  this  assumption,  but  this 
phenomenon  should  not  affect  the  extinc- 
tion limit. 


|l|   Hermann  W. ,   Ragaller  K. , 

IEEE  PAS-96   1546-1555  (1977) 
|2|   Frind  G.,   IEEE  Conférence  Paper 

No.   F  79   288-2  (1979) 
|3|   Kobayashi  A.,  et  al.   IEEE  PAS-97 

1304-1312  (1978) 
|4|   Murano  M.,  et  al.   IEEE  PAS-94 

1890-1900  (1975) 
|5l   Moll  R. ,  Schade  E.,  ISH,  Milan  1979 
|6|   Hermann  W. ,  et  al.   IEEE  PAS-95 

1165-1176  (1976) 


métal  vapour 


.électrode,  (tungsten) 
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^        ^    nozzle,  (Teflon) 
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Fig.  2  Test  breaker 
Interruption 
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STATIC  BREAKDOWN  ANALYSIS  OF  COMPRESSED  SF^  IN  POSITIVE  ROD-TO-PLANE  GAPS 
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Electriaal  Engineering  Dep.,  Faaulty  of  Engineering,  Caire  University,  Cairo  Egypt. 
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Abstrgçt  -  The  ppculiar  varintion  brea- 
kdown  voltao;e  ^vith  pressure  P  in  com- 
pressed  SF^  due  to  corona-stab-'lir.ation  of 
the  arpli'^d  field  is  well  prnnounce  i  '  in 
rod-to--lane  gaps,  Fis;.  l(a  ).  In  this  nper 
a  theoretical  a-al^rcis  of  this  rt.-:-^iliza- 
tion  effect  ir.  conducted.  Accordin-ly  a 
nriterion  is  developed  for  connutinç  cf 
compress-d  SF^  in  rod-to-rlane  n;rvis» 

î>î:thod_  of  _analysis 

The  équations  of  ^onipolar  corona  [l,2] 
are  solved  at  each  pressure  at  différent 
applied  voltages  higher  than  the  corona  on- 
set  value  computed  at  P  [3].  Solution 
is  carried  out  using  the  satursteà  solu  - 
tion  conce--t  advised  for  gap  configuration 
pro-^icing  hi^hly  diver":ent  annlicl  field 

[l].  Accord ^ng  to  th-  concept, the  snace 
charge  ion  density  f  is  very  hi-h  at  the 
emitter  (  conductor  in  corona )svry ace  and 
drops  to  a  n^'-gligible  value  at  m  infini- 
tésimal di'-.tance  <S  from  it  [l}.The  r^s^l- 
tant  elec'-ric  field  E  is  arsujned  to  rise 
from  a  practically  zéro  value  at  emitter 
surface  [l]  to  the  corona  onset  value  t.^ 
atS  [2]  .  E  is  expressed  as  E  =  "Ç  £  , 
where  ^  is  a  scalar  function  [l,2]  .  The 
following  équations  are  derived  for  corn  - 
puting  the  f  and  E  values  at  any  finite 
distance  s  S  )  from  emitter  r,nrface[l, 
2]  . 


1  1  _  1  f 
r  fi"  ejô 


(1) 


field.     Intégration  and  di:^f ère ntia tion 
are  rep"'nccd  by  finité   'iffereiice  rela- 
tions,    vhe  field  line  is  divided  into 
n  steus  o:r  a  regiolarly  spaced  equipoten- 
tial;;.     u.'his  gives  us  n  référence  noints 
for  con  utation  of  différences.     An  op- 
timum va Tue  of  n  is  found  to  be  equal  to 
25.     -'-■'■^e  uistance  s  is  me  a  sure  d  from  emi- 
tter sur  '-'ce  as  S  is  neprlicrible  v.lth  res- 
pect to  the  leno:th  of  any  step.  Usin-^  di- 
gital coTi'  uter  itérative  technique  the  p 
a^d  K  ' :i^'tributions  sati^fying  the  boun- 
dary  con/ition  pertinent  to  the  a^nlied 
potential  iifference  across  the  p-ar  a-"e 
comnuted.    ^  taken  as  [2] 

?io  =  2  (v-v^V  s   [  ^ 

where  /  the  a-^plied  volt-i~e  and  0  i-^ 
the  :v  ■  c"  oha^ge-free  potential. 

The  f  values  are  found  to  ircrenne 
with  Y  a]ong  the  v/hole  field  line  at  the 
sa:ne  -  rp-Gure.     Hence  the  mean  ion  char- 
ge  ^enc' '.;y  Pj^,  defined  a»^  (  ^  ?d-)/  H  , 
o 

v'hero  H  ^  s  the  gap  l«n-th,  increaser;  "±t^. 
V  at  th?  same  prpss-jre.  It  is  interost  - 
jjifZ  to  nobice  that  according  tn  the  pré- 
sent solution  concept,  ?^  of  a  f^ap  at  a 
certain  P  and  Vl^V^  comprises  two  values. 
The  firnt,  ? denends  on  V^.  Acoorcing 
to  eqi)ri::ion  (2)  : 


pd^  p  (2) 

v/here  ?^  is  the  value  of  ?  at  8 

AssuMng  an  initial  approxijnate  value 
for         équations  (1)  and  (2)  are  so- 
lved si'nultaneously  on  the  line  of  maximum 


As  S  is  infinitésimal,  £  can  be  assujned 
to  --e  i-'in  constant  inside  it  at  its  val- 
ue at  u'ic  emitter  r,urf-^ce  &  .  Hence  : 

^o    ^o    ^o,  =  Jf  ds,  where  = 

'     o   '      '  o  V 

or  ^ml=  /H 
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The  second  vp."'ue,  "pppnds  on  (V-V^). 

Ba"oil  on  the  above  arp;i'ment,  we  suf? 
o^est  the  -^ollo'vinp  hrefVd'^wn  cr-'rer-on 
^ms  = 

vihevef       is  the  value  of  P     at  "break- 

'  ms  n 
down  voltar;e  and  C  i-^  a  -^imction  of  gap 

parameters  and  gas  press-'jre. 

A  v.riety  of  gaps  producing  v/ide  ra- 
nge of  applied  field  divergence , for  wiiich. 
accurate  hreakdown  voltage  measurements 
were  reported  at  a  wide  pressixre  range{^, 
5,6 3  ,  were  considersd  for  the  determi  - 
nation  of  the  funotion  C,  f is  compu  - 
ted  for  each  gap  in  its  corona-stabilized 
phase  of  breakdown  using  the  experiraenta- 
lly  measuj?ed  breakdown  voltages.  Accor  - 
dingly  the  following  forrau.tie  a^^e  deduced 
for  C. 

(■')    For  pressiires  ur  to  that  corresioon- 
dinr  to  the  maximum  breakdo'.vn  vol- 

G  =  A\nrp,/r  (4) 

where  A  is  a  constant  ivhose  valu?  = 
0.57      10"^       CM.    bar"^  and  |-l  is 

the  r-^tio  of  the  ave  rage  to  F-'.-xiTr/jin 
a^];^li-:d  fields. 
(i-".)  For  pressures  ^^^c' 

is  f^e  miniraiira  ^vessvre  at  which  co- 
rona-ff'^e  b.-^eikdown  ocourc,  G  rem?.- 
?ns  corstint  a-^  its  v^lue  at 

\  se'-i-empirical  formula  was  pro- 
posed  fer  Computing  ?q  ^51  .  This  ir  mo- 
difie'! to  "f'it  gaps  ha^'ihg  large  roi  radii. 
The  •Fc^'-ul''  snggested  hns  the  fnrm 

e     '^Z  r  =  0.85  X  10""^ 

•'•here        in  ^ar  an-^  r  in -A''. 

is  computed  b7  substituting  the 

value  of  G  obtnined  at        in  equation(4) 

^nd  solvin.'^  fo^  P. 

To  com-^ute        of  a  gap  at  press^ire 

P,  an  a  ■^"■^oximate  initial  value  equal 

to  r„  is  assumed  for  V^.f^  corres- 

c         c  s  m 

pondinîx  to        is  computed  and  co-apared  to 

5* jjj^computed  from  équation  (5).  If  the 
différence  is  wxthin    +0.0^f^^,  re- 


■D-^esents  Y^,  otherwise        is  increment^d 
an"»,  a  d-îs^ta""  computer  itérative  nrocess' 
is  ^er-'"or'-^ed  l'ntil  the  condi-^ior-  is  sa  - 
tisfied.  Fig.l  (a)  indicates  the  close 
ajreeraent  observed  between  the  experlr:e-. 
ntallv  measured  values  of        and  those 
comDuted  according  to  the  sug.-;:estei  cri- 
terion.  FiT.  ](b)  depicts  the  f_dist-i  - 
but-- on    -'-ile  Fig.  1  (o)  to  (f)  display 
the        dictributions  pectine -it  to  at 
d-'.f-Perent  pressure  values.     In  the  E« 
distrib  vit  ions  tho  apDlied  fie^d  enharce- 
ment  d^e  tr  corona  -tabil:i  za^- on  is  clear 


Fig.l.  Breakdown  characteristics  of  com- 
pressed  SFg  in  rod-to-plane  gap. 
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THE  MASS  FLOW  FIELD  OF  THE  FULL  CIRCLE  ARC 
W.  Tiller. 

Hoahsahule  dev  Bunderwehr,  Mûnohen,  F.R.G. 
Introduction 

As  reported  in  former  papers  /1,2/  a  radial  free 
fui!  circle  arc  was  operated  in  an  argon  atmosphère. 
Due  to  the  expérimental  conditions  and  with  respect 
to  cylindrical  coordinates  r.'p,  z  the  statements 
3/9  t  =  0  and  9  /9f  =  0  hold  for  this  arc.  The 
mass  flow  in  the  arc  cross  section  as  a  resuit 
should  prove  Maecker's  theory  /3/  of  arc  motion  anc 
displacement.  Therefore  one  must  know  the  tempéra- 
ture distribution.  It  can  be  measured  spectroscopi- 
cally  as  described  in  /2/.  One  has  to  consider  that 
those  measurements  are  correct  only  in  the  case  of 
local  thermal  equilibrium.  For  arc  currents  greater 
than  50  A  this  condition  is  fulfilled. 
Results  of  Température  Measurements 
In  continuation  to  the  measurements  reported  in  /2/ 
the  arc  was  investi gated  at  currents  between  50  A 
and  100  A  and  arc  radii  from  35  mm  to  45  mm.  As  an 
example  figure  1  shows  the  température  field  for  an 
arc  current  I  =  75  A  and  a  radius  of  40  mm. 


fig.  1  température  distribution 

Ih  addition  to  former  results  figure  2  gives  the 
corrélation  of  the  maximum  température  in  the  arc 
core  with  the  arc  current  and  the  curvature  of  the 
arc. 


;>»     021     DU     sm     ou     aa     on,     an     ait     iiit     ou  y^^i^^ 


fig.  2  température  maxima  vs.  current  and 
\  curvature  of  the  arc 


The  Mass  Flow  Field 

By  use  of  the  known  température  distribution  the 
velocity  of  the  mass  flow  can  be  evaluated  from  the 
convective  term  of  the  energy  équation: 

and  from  the  continuity  équation:      V-^v  «0 
The  expressions  vS  and  V^S  (S  =  heat  flux  poten- 
tial)  are  derived  from  the  measured  température 
field  T(r,z).  The  coefficients  A(T)  =  thermal  con- 
ductivity,  ^  (T)  =  electrical  conducti vity,  u(T)  = 
spécifie  radiation  and  Ç  (T)  =  mass  density  are  ta- 
ken  from  the  literature.  The  electrical  field 
strength  E  is  measured  by  means  of  probe. tech- 
niques. One  has  to  start  the  évaluation  in  the  cen- 
ter  plane  (z=0)  which  is  also  the  plane  of  symmetry 
of  the  arc.  There,  the  velocity  has  only  a  radial 
component  v^,  that  means  "^2.(7=0)  ^  ^'  ^^^"9 
locity  distribution  v^(r)  at  z  =  0  as  an  initial 
value  one  can  compute  the  ^v^    and  çv^,  components 
in  small  steps  az,  solving  alternately  the  two 
équations  pentioned  above.  Introducing  the  vector 
potential       for  the  mass  flow  by  J  v  =  , 
the  évaluation  of  stream  lines  including  a  constant 
mass  flow  becomes  possible.  Because  of  3  /d'f  =  0, 
the  vector •xj.  has  only  an  azimuthal  component,  and 
so  one  has  only  to  solve  a  plane  problem.  The  di- 
stance (Z2"^i)  between  two  stream  lines  at  a  spé- 
cial radius  r^  is  given  by  the  intégral: 

The  borders  z^,       have  to  be  chosen  in  a  way  that 
the  différence     "H"!- z^"  "^ffj.Zi        constant.  This 
évaluation  was  done  for  a  constant  mass  flow  of 
0.05  mg/s  per  cm  arc  column.  As  a  resuit  one  gets 
a  symmetric  quadrupol  whirl  in  the  arc  cross  sec- 
tion as  shown  in  figure  3. 


fig.  3  mass  flow  field  in  the  arc  cross  section 
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In  addition  to  the  stream  lines  several  isothermes 
and  also  the  curve   ^v  vS    =  0  are  shown  in  this 
figure.  This  curve  is  the  locus  of  ail  points  with- 
out  convective  energy  transport,  i.e.  there  occurs 
only  thermal  conduction.  By  forming  the  limiting 
value,  it  can  be  shown  that  the  température  maximum 
as  well  as  the  whirl  centers  and  the  stagnation 
point  are  extraordinary  points  of  this  curve. 
Interprétation  of  the  Mass  Flow  Field 
Discussing  the  conservation  équation  of  momentum, 
one  has  a  possibility  to  interpret  the  mass  flow 
field  and  to  verify  the  results.  Neglecting  the 
small  température  dependence  of  viscosity  ^  in  the 
arc,  the  équation  of  conservation  of  momentum  reads : 

j  =  electrical  current  density,  B  =  magnetic  field, 
p  =  pressure.  Taking  the  curl  of  the  left  and  right 
hand  term  and  neglecting  the  curl  of  the  inertial 
force  (low  Reynolds  number),  one  gets: 

The  introduction  of  the  vorticity    by:  tu  avx^ 
leads  to  the  Poisson  equ.:    v'ôè  =  -^  7 xQ)  . 
The  curl  of  the  Lorentz  force        7x  (^xS) 
which  has  azimuthal  direction  can  be  evaluated  as 
follows:  From  the  température  distribution  and  the 
measured  electrical  field  strength  one  knows  the 
electrical  current  density.  Solution  of  i;he  Biot 
Savart  équation  yields  the  magnetic  field  of  the 
arc.  The  external  magnetic  field  is  known  from  the 
experiment.  Therefore  ail  terms  of  the  curl 

can  be  computed.  Because       is  constant,  one  can 
take  -  as  an  analogon  to  the  différentiel  équation 
of  the  elastic  membrane  -,  the  curl  of  the  Lorentz 
force  as  an  area  force  on  such  a  membrane.  The  de- 
flection  of  the  membrane  is  then  proportional  to 
the  value  of  the  vorticity  oj  .  The  curl  of  the  Lo- 
rentz force  as  well  as  its  two  terms  as  functions 
of  the  radius  for  a  plane  z  =  0.86  mm,  which  con- 
tains  approximately  the  whirl  centers  and  the  sta- 
gnation point,  is  shown  in  figure  4. 
For  the  same  plane,  figure  4  shows  also  the  distri- 
bution of  the  vorticity,  calculated  from  the  mass 
flow  field  (fig.  3).  A  comparison  of  the  two  curves 
by  use  of  the  membrane  model  mentioned  above 
(  (    e^-VxCj*"  B)     )  =  area  force,    Cpà    =  de- 
flection)  shows  quai itatively  (i.e.  without  respect 
to  the  boundary  values  of       )  the  rôle  of  the  curl 


fig.  4  curl  of  the  Lorentz  force  and  vorticity  ' 
of  the  Lorentz  force  in  generating  the  quadrupol 
whirl.  iloreover  one  realizes,  evidently  shown  by  , 
the  unsymmetry  of  the  term  B^  ( 9 j/9  r  -  j/r)  whi| 
is  caused  by  the  curvature  of  the  arc,  that  just 
this  curvature  is  the  reason  for  a  quadrupol  whirj 
contrary  to  a  double  whirl  as  fomierly  expected. 
Conclusion  < 
The  experiment  shows,  that  a  magnetically  deflectd 
curved  arc  can  be  fixed  in  a  equilibrium  position 
This  equilibrium  is  determined  by  the  fact  that  ; 
there  is  a  magnetohydrodynamic  mass  flow  through  : 
the  arc  core  which  compensâtes  the  arc  motion  to- 
wards  the  center  of  curvature  due  to  thermodynami 
cal  effects.  | 

/!/  W.  Tilier,    Proc.  of  the  Xith  Int.  Conf.  on 
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72/  W.  Tilier,    Proc.  of  the  Xlith  Int.  Conf.  on 

Phen.  in  lonized  Gases  (1975) 

73/  H.  Maecker,  Proc.  of  the  IEEE  59,  439  -  449 
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CATHODE  DENSITY  WAVE  IN  AN  ELECTRON  BEAM  CONTROLLED  DISCHARGE 


J.  F ort,  J.  Bonnet,  G.  Fournier  and  D.  Pigache. 

Offioe  National  d'Etudes  et  de  Recherches  Aérospatiales,  92320  Chatillon,  France. 


Introduction .  The  i 
non  uniform.  Trans: 
results  in  acoustii 


input  in  a  discharge  is 
id  non  uniform  gas  heating 
î  which  propagate  in  and 


out  of  the  discharge.   If  the  waves  yield  a  signi- 
ficant  density  defect,   they  can  drive  the  discharge 
into  an  arc.  Moderate  amplitude  waves  can  also  dis- 
turb  the  optical  quality  of  the  médium  when  -^he 
discharge  is  used  to  pump  a  laser.  Two  types  of 
perturbations  can  generally  be  identified  : 

-  Waves  propagating  in  a  direction  perpendicular 

to  the  electric  field  are  generated  by  bulk  heating 

-  Waves  propagating  along  the  electric  field  main- 
ly  originate  from  the  électrode  vicinity,  especial- 
ly  the  cathode  fall  région  [3,4]  . 

This  paper  only  deals  with  the  cathode 
wave  in  a  discharge  where  the  cathode  is  the  solid 
électrode.  This  choice  is  made  in  order  to  analyse 
a  single  density  disturbance.  Holographie  interfe- 
rometry  is  used  to  display  the  density  variations. 
A  simple  model  permits  an  estimate  of  energy  par- 
tition between  électrode  and  gas  heating. 
Expérimental  arrangement.  A  schematic  diagram  of 

in  Fig.   1 .  The  elec- 
sma-anode  électron 
tinuously  applied 
anode.  Expérimental 


the  discharge  set-up  is 
tron  beam  is  produced  by  a  plasr 
gun.  The  electric  field  is  cont: 
between  solid  cathode  and  grid  i 


:  bulk  hea- 


crnditions  are  : 

-  Gas  :         (chosen  in  order  to  min 
ting  during  wave  propagation). 

-  Pressure  :  0.15  bar. 

-  Electron  beam  energy  :   110  keV  . 

-  Electron  beam  current  density  : 

-  Beam  puise  width  (FWHM)   25  . 

-  Discharge  voltage  :  2,6  kV     along  ; 

-  Cathode  fall  deduced  from  the  slope 
current  voltage  characteristic ,  ' 

-  Discharge  current   :  230  A. 

-  Dimensions  of  électron  window  :   1 40  x  60  mm. 
The  method  of  a  référence  hologram  is  used  to  ob- 
tain  a  real  time  image  of  the  phénomène.  A  picture 
of  the  interf erogram  is  taken  at  a  given  time  with 
a  faât  TRW  converter.   [s]  . 

Résulte .  The  cathode  wave  is  clearly  displayed  on 
the  interf erogram  given  in  Fig.  2.  The  picture  was 


i  break  of  the 


after  disch, 
E  of  5  |js  . 


rge 


;iati( 


ith  ; 


The 


the  cathode  cannot  be 
scales  considered 
turbance  is  less  than 
be  noted  that  the  maii 


The  density  defect  close  te 
een  with  the  space  and  time 

fringe  shift  of  wave  dis- 
alf  an  interfringe.  It  can 
fringe  pattern  (at  rest 


fringes  are  perpendicular  to  électrodes)   is  not 
changed  by  bulk  heating  of  the  médium  and  that 
fringe  declination    towards  anode  should  be  due  to 
the  propagation  of  the  raréfaction    wave  resulting 
from  the  anode  field-free  cavity.  The  maximum  rela- 
tive variation  of  density  Ap/p^    (Fig.  3.)   is  lower 
front  abs- 


e  speed  (ratio  of  v 
is  340  m/s. 
results  suggest  the  follow: 


and 


.inear  appro: 
addition,  i- 
t  rest 


model  (tranE 

it  is  assumed  that  the  gi 
The  calculation  is  perfo: 


heat  transfer  to  the  cathode  mal 
of  this  effect  will  result  from 
the  calculation  with  the  experir 
équation  set  is  : 

(1)        R(To  e'+ eo'r')  = 


ffects  neglected) 

s  is  perfect 
■med  with  no 
.al.  The  appraisal 
i  comparison  of 


(4) 


.(=0) 


=  6. 


where  Tq  ,  p^  ,  p,, 
librium  values  for  température,  densit 
and  velocity  and  the  primes  dénote  the 
tions  ;  R  is  the  constant  of  perfect 
is  the  heat  input  per  volume  and  time 
cathode  région.    Initial  conditions  are 


•e  the  equi- 
perturba- 


(  »-=o) 


(5) 


=  0 


cathode  région 
spécifie  heat  : 
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loundary  conditic 


(7) 


-r-!-  =  O  at 


the  cathode  surface  (x  =0)  and 

P   0  for  X  — *-ao  .  The  propagation  équa- 
tion is  solved  with  Laplace  transform  in  time  and 
associated  Green  function  for  space  variable  [ô]  . 
Heat  input  is  assumed  to  be  uniform  in  the  cathode 
région  of  length  d.  Time  dependence  is  approximated 
by  the  functions   (Fig.  4) 

(8)        Qc  =  for  '■m<  f  ^  ^m  +  ^P 

Q  c  =  <5o  e.'^p  (-  ^/c  )     f  °r    h  >       +  ^p 

Finally,   the  analytic  formula  for  the  relative  den- 


U  [co(  >•  -      -     )  -  x]  +  7^  (co  I- X  U  [^c^h  -  x] 


P'/Po 


where     U     is  the  unit  step  function  3"^^  Cq  =  ^ p^/^ç, 
This  function  is  displayed  in  Fig.  3  for    Qo  d  = 
670  W/cm   ,    this  value  beeing    chosen     in  order  to 
fit  the  expérimental  maximum 
responding  electric  energy  input   (  Vc  times  current 
density)   is  1    200  W/cm^  (Fig.   4).  Accordingly,  the 
electrical  energy  converted  in  gas  heating  is  about 
1/2,  Most  of  the  remaining  energy  is  transfered 
into  the  cathode.  This  energy  partition  limita  si- 
gnificantly  the  actuel  gas  température  increase 
close  to  the  cathode. 

Conclusion.  A  simple  model  permits  an  appraisal  of 
energy  partition  in  the  cathode  vicinity.  Two  expé- 
rimental data   (electrical  energy  input  and  p'/  ) 
are  used  to  détermine  heat  transfer  into  the  catho- 
de.  Conversely,   an  appropriate  model  for  this  heat 
transfer  would  yield   Q  ^  d    directly  from  a  single 
measurement  of    Ç>  /p^    •  More  sophisticated  work  is 
in  progress.   In  addition,   the  success  in  dealing 
with  moderate  amplitude     perturbations  (at  short 
time  scale  and  short  exposure  time)   gives  us  confi- 
dence to  study  other  problems,   such  as  those  invol- 
ved  in  puise  répétition,  with  this  interf erometer . 
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PRODUCTION  OF  HYDRAZINE  FROM  AMMONIA  IN  AN  ATMOSPHERIC 
PRESSURE  ELECTRON-BEAM  CONTROLLED  DISCHARGE 


electri- 


D.  Pigache,  J.  Bonnet,  J,  Fort  and  G.  Fournier. 

Office  National  d'Etudes  et  de  Reaherohes 
DC,   RF  and  microwave  discharges  in  amr 
nia  have  been  extensively  studied  for  the  synthi 
of  hydrazine  [l ,  2,   3,  4]    .  Chemical  and 
cal  efficiencies  approaching  econc 
have  been  obtained  in  some  cases.   However,   as  thèse 
discharges  are  limited  in  operating  pressure  and 
in  size,   the  achievement  of  the  high  flow  rates  re- 
quired  in  industry  appears  to  be  very  difficult. 

The  electron-beam  controlled  discharges 
which  have  been  successfully  used  for  pumping  high 
power  lasers  ^sj   can  be  operated  at  atmospheric 
pressure  with  good  uniformity  over  large  volume 
thus  permitting  handling  of  large  amounts  of  gas  in 
fast  flow  Systems.  Furthermore  the  électron  average 
energy  can  be  adjusted  (by  varying  the  electric 
field)   from  very  low  values  to  a  maximum  of  the  or- 
dsr  of  2  e.V  (limited  by  breakdown)    ;  this  flexibi- 
lity  is  of  spécial  interest  for  plasma  chemistry. 
Very  encouraging  results  have  already  been  obtained 
for  ozone  production  ^â^j  with  thèse  discharges. 
Preliminary  results  for  hydraiine  are  presented  in 
this  paper. 

Experiment.  The  expérimental  arrangement  is  shown 
in  Fig.   1.  The  électron  gun  has  been  described  pre- 
viously  [t]   .  The  discharge  chamber  is  filled  with 
pure  ammonia  after  being  evacuated  to  a  pressure 
of  10"''mbar     .  The  électron  beam  (12DkeV,  1.3 
mA/cm^      enters  the  chamber  through  a  1  2 
thick  titanium  foil  of  1 5  x  5  cm^      .  The  electron- 
beam  controlled  discharge  takes  place  between  a 
grid  which  protects  the  électron  window  and  the 
ano'de  (aluminum     alloy  plate  of  1 7  x  7  cm^    ).  The 
cathode-anode  spacing  is  2  cm    .A  positive  volta- 
ge is  applied  permanently  to  the  anode.  The  dis- 
charge current  flows  when  the  gas  is  ionized  by 
the  électron  beam  (Fig.  2). 

The  other  discharge  parameters  are  : 

-  puise  duration 

-  répétition  rate 


00  jJi 
10  Hz 
2.3  A 


-  discharge  current 

-  diacharge  voltage   :       9  kV 

-  gas  flow  rate  (standard  conditions): 

-  ratio  electric  field/gas  density  : 


1  100  mbar 
7.5cm'  »"'' 

1  .5x10"''  ^Vcm^ 


92320  Chatillon,  Franoe. 

The  concentration  ratio  of  hydrogen, 
nitrogen  and  ammonia  are  measured  by  gas  chromato- 
graphy  downstream  of  the  discharge  and  hydrazine 
is  detected  by  a  colorimetric  method  using  p- 
dimethylamino-benzaldehyde  [b]  . 


Fig.  1  -  Expérimental  arrangement. 
1  -  1 20  keV  electron-beam  ;  2  -  Electron  windov 
(12^m  Ti  foil)  ;  3  -  Electron  gun  vacuum  chambf 
4  -  discharge  cathode  (grid)  ;  5  -  Discharge  zor 
6  -  Gas  flow  (pure  ammonia)  ;  7  -  Discharge  char 
ber  ;  B  -  Discharge  anode  ;  9  -  Insulated  feed 
through;   10  -  Gas  flow  (a 


■  Time  evolutioi 

discherge  currents 
:ace      :  electron-be^ 


if  the  electri 


it). 


Lower  trace 


rent  (arbitrary 
(A/cm) 


icomposed 


discharge 
Time  scale  :  20  ^s/Cm 
Results.  Approximately  1,1  %  of  the 
wing  through  the  discharge  chamber  : 
and  the  hydrogen  to  nitrogen  mole  ratio  is  equal 
to  5.  Aasuming  that  hydrogen,  nitrogen  and  hydra- 
zine are  the  only  products  which  can  be  formed  in 
our  expérimental  conditions,  the  hydrazine  produc- 
tion can  be  calculated  :  the  volume  concentration 
is  .37  %,   the  efficiency  is  79/kW-  Kour    and  the 
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production  rate  is   .144  g  /  Kour 

After  a  two  hours  discharge  run ,  the  a- 
mount  of  hydrazine  collected  downstream  the  dis- 
charge by  dissolving  the  gas  output  in  water  is  one 
thousand  times  smaller  than  the  yield  calculated 
previously  and  the  amount  of  hydrazine  recovered 
by  washing  the  chamber  walls  with  water  is  only  one 
hundred  times  smaller. 

Discussion.   The  average  résidence  time  of  the  gas 
in  the  discharge  chamber  is  20  minutes  and  the  sur- 
face of  the    sluminum    alloy  chamber  walls  is 
3  QDD  cm^.   The  average  deposit  thickness  of  the 
hydrazine  produced  during  a  discharge  run  would  be 
of  the  order  of  1  .   Hydrazine  condensation  on 

the  chamber  walls  and  décomposition  before  it  can 
be  dissolued  and  analysed  is  the  most  probable  ex- 
planation.   Another  possible  explanation  would  be 
the  formation  of  other  nitrogen-rich  compounds 
such  as    HNj   or    Ng,  Hg      but  thèse  compounds 
are  so  unstable  that  their  présence  in  significant 
amounts  seems  unlikely. 

The  discharge  chamber  is  now  being  modi- 
fied  in  order  to  reduce  the  gas  résidence  time  and 
to  avoid  as  much  as  possible  its  contact  with  me- 
tallic  surfaces. 

The  valuable  assistance  of  M.  DRY    is  acknowledged . 
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Introduction;  In  /I/  and  /2/  the  transiti- 
on was  investigated  between  the  bistable 
puise  mode,  which  is  used  in  ac  plasma 
displays,  and  the  non-bistable  continuoua 
mode  in  We-Penning  mixtures  by  frequency 
variation  of  the  sinus  wave  voltage.  For 
the  transition  frequency  f  of  both  thèse 
discharge  modes  there  is  a  similarity  re- 
lation with  the  similarity  parameters  f/p 
and  pd  (f-frequency  of  applied  voltage, 
p-gas  pressure,  d-distance  of  the  élec- 
trodes) in  a  wide  parameter  range  with 
constant  mixture  ratio.  The  présent  paper 
deala  with  investigations  of  the  influen- 
ce of  gas  température  on  the  transition 
between  the  discharge  modes. 
Method;  The  investigations  were  carried 
out  between  glass  covered  Mo-electrodes 
with  1  mm  0  and  a  0.1  mm  thick  insulator. 
The  distance  of  the  électrodes  was  varied 
between  0.2  and  2.5  mm.  After  usual  vacu- 
um  procédure  the  discharge  vessels  were 
filled  with  mixtures  of  ^e+^%^^  or  We+ 
0.3%N2  at  pressures  of  Pq=270  torr  and 
p^=450  torr  (p^  -  gas  pressure  at  0  °C ) . 
The  frequency  was  varied  between  10  and 
1000  kHz.  The  gas  température  was  regula- 
ted  by  diping  the  whole  discharge  vessel 
into  liquid  nitrogen  or  cooled  alcohol  of 
-53  °C.  In  addition  measurements  were  car- 
ried out  at  room  température  and  in  a  he- 
ating  chamber  at  higher  températures.  The 
firing  voltage  U^,  minimiun  sustaining  vol- 
tage M-^  and  the  actual  discharge  current 
were  measured.  The  capacitive  current  was 
nulled  with  a  current  bridge. 
Résulte  and  discussion;  Pig.1  shows  the 
dependence  of  firing  voltage  and  minim-um 
sustaining  voltage  on  frequency  for  Po=270 
torr  gas  pressure,  The  wall  température  of 
the  discharge  veseels  is  used  as  parameter. 


It  is  shown  that  the  transition  frequency 
between  the  bistable  puise  mode  and  the 
non-bistable  continuous  mode  is  characte- 
rized  by  a  minimal  frequency  at  which  the 
curves  of        and  U^^  become  identical.  The 
puise  mode  exists  at  lower  frequencies  but 
the  continuous  mode  occurs  at  higher  fre- 
quencies. With  decreasing  température  f  is 
shifting  to  smaller  frequency  values.  At 
low  frequencies  (f£50  kHz)  a  variation  of 
gas  température  has  a  negligible  effect  on 
the  firing  and  minimum  sustaining  voltage. 
Because  the  firing  voltage  is  decreasing 
in  the  range  of  f  the  shift  of  f  to  smal- 
ler frequencies  is  accompanied  by  a  decre- 
asing bistable  range.  In  addition  to  this 
influence  on  the  bistable  range  and  f  there 
is  also  an  influence  on  the  discharge  cur- 
rent. Pig.2  présents  two  diagrams,  each 
showing  the  current  oscillograms  for  two 
comparable  diacharges  at  T=77  K  and  300  K 
but  for  différent  frequencies.  V/hen  the 
gas  density  remains  constant  an  increase 
in  température  leads  to  a  shorter  duration 
of  the  discharge  puises.  The  limited  in- 
fluence of  gas  température  on  the  firing 
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voltage  at  lower  frequencies  and  the  rela- 
tively  great  change  of  the  discbarge  cur- 
rent  indicate  a  high  incidence  of  ioniza- 
tion  processes  by  collisions  of  beavy  par- 
ticles.  Such  proceases  are  collisions  of 
excited  We-atoms  with  ÏÏ2-niolecules ,  the 
Penning  ionization  being  the  main  ioniza- 
tion  mecbanism.  In  addition,  the  associa- 
tive ionization  plays  a  certain  rôle  /4/. 
In  /I/  it  was  demonstrated  that  the  life 
time  of  metastable  atoms  ia  important  for 
the  existence  of  the  continuons  mode.  If 
the  life  time  is  changed  by  variation  of 
gas  pressure  or  mixture  ratio  the  transi- 
tion frequency  f  is  shifted  in  the  same 
way ,  i . e . 

"  -1/, 
f/  — XngV^Qp      with  Vr=(^liSJ^)" 

and     ±  -  ±  ^  A. 
(X-mixture  ratio,        -  gas  température, 
n^  -  gaa  density  at  1  torr  and  0  °C,  Qp  - 
cross  aection  for  Penning  ionization,  , 
m2  -  masaea  of  gaaes  1  and  2),  Por  a  con- 
stant cross  section  Qp,  f/p^T^^^  résulta. 
On  the  other  hand  from  the  ahift  of  f/p^ 
the  dependence  of  Qp(T)  can  be  determined. 
Pig.3  illustrâtes  the  dependence  of  ?/Pq 
on  p^d.  Above  a  certain  p^d-value  ?/Pq  is 
independent  of  p^d.  This  break  is  in  good 
correspondence  with  the  ion  transit  time 
/I/.  To  the  right  of  the  break  the  ion 
transit  time  reaches  auch  a  value  that  on 
an  average  the  ions  are  no  longer  swept 
out  of  the  volume.  The  figure  illustratea 
the  shifting  of  f/p  (constant  gaa  density) 


at  varioua  gaa  temperatxirea  for  the  whole 
p^d  range.  From  this  shift  the  relative 
dependence  of  Q(T)  can  be  obtained. 
Table  1 


[k]  [Hz/torr] 


Qp^^^=Q^j§OK) 


Jçmi 


77 
300 


77 
268 


T5" 


500  395 


1.14 


2.85  10" 
5.0  10"''^ 

(from  /5/) 
5.7  10"''^ 


By  adaptation  of  the  relative  values  of 
Q^rel  to  room  température  values  of  other 
authors  data  can  be  obtained  about  the  tan- 
perature  dependence  of  the  abaolute  croaa 
sections  for  Penning  ionization.  In  Table  1 
Q    has  been  adapted  to  the  values  of  /5/. 


Fig.  3 
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I.  INTRODUCTION  TO  THE  PROBLEM. 

The  beat  transfer  from  thermal  plasmas  to 
reactor  walls  is  of  major  importance  for  the  design 
of  plasma  generators  or  furnaces. 

We  propose  to  model  a  D.C.  cylindrical  plas- 
ma reactor  working  with  hydrogen  and  defined  by  the 
following  zones  (figure  1). 

{+) 


-T  7 

I  I 

I  free  i 
fieldV 


•  Il 

 ^  Il  région!     région        î^l  régie 


hydrogen  flow  rate  of  1501/ran.  The  température  pro- 
file in  the  entrance  of  the  canal  is  assumed  to  be 
parabolic,  but  its  influence  is  only  important  on 
first  stages  of  flow.  The  température  is  maximum  at 
the  begining  and  on  the  axis  of  the  anodic  zone  whe- 
re  the  arc  strikes  the  wall  and  where  the  isotherms 
are  radially  attracted  to  the  canal  wall,  while  the 
hot  core  is  growing. 

'    After  this  anodic  région,  the  plasma  flows 
without  additional  heating  source,  the  gas  loses 
energy  and  cools  progressively . 
inlet  anodic 


Olimic  régions 

Figura  1 

In  the  inlet  région,  the  cold  gas  injected 
near  the  cathode  is  heated  and  ionised  with  no  con- 
tact with  cold  walls. 

The  asymptotic  région  constitutes  the  région 
of  flow  development  and  stabilisation  constricted 
by  contact  with  energetically  cooled  walls.  The  in- 
crease  of  the  ohmic  energy,  and  therefore  the  gas 
température  terminâtes  in  the  anodic  attachment  zone 
(which  we  assume  to  be  localised  before  the  turbu- 
lent zone  created  by  the  development  of  plasma  flow) . 
In  this  zone  the  plasma  gas  transfers  a  part  of  its 
energy  to  the  anode.  Finally,  the  flow  becomes  stea- 
dy  in  the  free  field  région  where  the  wall  is  cooled 
in  a  homogeneous  way. 

Assuming  the  hypothesis  of  the  LTE  we  have 
solved  the  "Electro-Magneto-Dynamic"  équations  Sys- 
tem m  by  a  numerically  finite  différence  method 
/3/  adapted  /4/  to  hydrogen  plasma  flow  in  a  reac- 
tor with  ohmic  energy  contribution.  The  computation 
programme  is  executed  on  an  IBM  360/91  Computer. 
II,  NUMERICAL  RESULTS. 

II- 1 .  Evolut ion_of _tem£era tur es_in_the_r^ 

The  isotherms  (figure  2)  give  the  évolution 
of  the  température  in  a  cylindrical  canal  of  12  mm 
diameter,  for  a  current  intensity  of  200Amp,  and  a 


asymptotic 


free  field 


The  electric  field  in  the  plasma  is  a  func- 
tion  of  the  gas  nature.  We  notice  (figure  3)  that  it 
varies  only  very  little  with  the  cylindrical  canal 
diameter  and  almost  not  at  ail  with  the  axial  posi- 
tion, except  at  the  entrance  of  the  canal  where  the 
influence  of  the  electrical  conductivity  is  very  im- 
portant. It  therefore  tends  to  a  constant  asymptotic 
value  "E      "  which  is  independent  of  the  gas  flow 
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II-3.  Therinal_develo£ed  length 

Toe  "Thermal  developed  length  L^"  is  defined 
as  the  axial  distance  between  the  upstream  of  the 
cylindrical  canal  and  the  section  where  the  average 
température  reaches  90%  of  its  asymptotic  value. 

This  length  is  important  for  the  "constric- 
tor"  design.  We  observe  (figure  4)  that  it  decreases 
with  increasing  current  intensity  ;  it  also  increa- 
ses  with  the  gas  flow  rate  and  is  rather  insensitive 
to  diameter  variation. 


II-4 .  Wall_Heat_Transf er_in_the_ohmiç_h^ 


We  see  that  the  heat  flux  on  the  wall  tends 
to  a  constant  value  for  any  current  intensity.  The 
asymptotic  flux         ^"  character ises  the  stabilised 
flow  in  the  asymptotic  région.  Its  variation  with 
the  arc  intensity  and  the  différent  diameters  of  the 
canal  is  linear,  however  the  influence  of  the  hydro- 
gen  flow  rate  is  of  little  importance. 

The  Nusselt  number  in  thèse  heating  régions 
of  the  constricted  arc  seems  to  be  a  function  of  the 
ohmic  heating  number  "OH"  /5/.  It  increases  (figure 
5)  with  diminution  of  the  ohmic  heating  number  and 
leads  to  a  relatively  constant  value  with  increase 
of  "OH".  We  see  also  its  increase  with  arc  intensi- 
ty, this  augmentation  tends  to  become  relatively  li- 
near for  the  big  diameters.  Moreover,  Nu  appears  ir- 
regular  at  first  in  the  upstream  région  of  the  canal 
but  stabilises  afterwards  and  reaches  the  constant 
values  defined  previously. 


.OQE              .01                                            .1  -1M 
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II-5 .  Wall_Heat_Transf er_in_Anodiç_Regi^  . 

The  wall  heat  transfer  in  the  anodic  zone  is 

based  upon  an  energy  balance  /6/.  The  transfer  due 

to  the  électrons  have  been  calculated  at  10000°K  ac- 


cording  to  the  expression  given  by  11 I ,  the  terms  of 
the  ablation  and  of  the  radiation  of  the  anode  have 
been  neglected,  but  the  convective  and  radiative  ex- 
changes have  been  approximated  by  the  quantity  of 
the  heat  calculated  at  the  end  of  the  asymptotic 
zone . 

From  the  expressions  we  have  determined  the 
anodic  heat  flux  "^"  which  increases  with  the  in- 
tensity of  the  current  and  varies  as  the  inverse  of 
the  diameter  of  the  constriction  canal. 

Furthermore  the  increase  of  Nusselt  number 
with  arc  intensity  becomes  more  important  as  the 
diameter  of  the  constriction  canal  is  increased.  We 
also  observe  (figure  6)  its  increase  with  the  decre- 
ase  of  the  ohmic  heating  number  "OH  ". 


III.  CONCLUSION. 

The  various  calculations  (by  a  finite  diffé- 
rence method)  for  a  cylindrical  plasma  reactor  wor- 
king  with  hydrogen  for  différent  diameters  (5  to  50 
mm)  and  différent  intensities  of  the  arc  current  (up 
to  1000  Amp)  have  allowed  the  détermination  of  the 
necessary  parameters  for  the  design  of  plasma  gene- 
rators  or  reactor s  working  under  thèse  conditions. 
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Abs tract    Thermal  energy  positive  ions  in  air 
have  been  found  to  be  very  difficult  to  extraat 
through  holes  of  m  diameters  in  Al  foils,  and 
impossible  through  suoh  holes  in  Au  foils.  Explana- 
tions  are  proposed  and  disproved. 

Introduction     This  is  not  a  normal  type 
paper,   it  is  rather  a  warning  and  an  adver- 
tisement  for  help.  We  understand  very  little 
of  the  effects  which  we  report  upon  here . 

In  our  expérimental  work  on  positive  co- 
ronas  we  have  chosen  positive  ion  extrac- 
tion with  subséquent  energy  and  mass  analy- 
sis  as  one  of  our  main  diagnostic  tools. 
We  expect  this  to  give  information  about 
the  gas  purity   (hydrated  ions  etc) ,  the 
cathode  field   (through  the  0+/0+  ratio) ,  and 
about  possible  ion  bunching  in  the  space 
charge  dominated  field  in  the  positive  glow 
type  coronas . 

It  was  deeraed  essential  that  the  extrac- 
ted  ions  should  give  a  true  picture  of  the 
ion  population  arriving  at  the  cathode 
plane.  Thus,   the  extraction  holes  had  to 
have  diameters  and  lengths  of  the  orders  of 
some  gas  kinetic  mean  free  paths  or  less, 
to  avoid  the  formation  of  undercooled  gas 
jets  where  ion-molecule  clustering  processes 
could  occur.  The  mean  free  path  in  NTP  air 
is  about   .lym,   and  a  large  and  quite  suc- 
cessful  effort  was  made  to  produce  holes  of 
suitable  size  and  form  in  Au  and  Al  foils 
of  sufficient  thickness  to  stand  the  pres- 
sure dif ferential.  This  will  be  reported 
elsewhere.   In  the  présent  work  matrices  of 
4x4  conical  holes  of  about  Bym  smallest 
diameter  were  used,   as  illustrated  in 
Figs.la  and  b. 

Using  such  a  gold  foil,   combined  with  the 
gold  and  gold  plated,  dif f erentially  pumped 
ion  focussing  and  analyzing  system  of  Fig. 
le,   an  ion  current  of  10~''"''"A  of  unharmed 


positive  ions  was  expected  from  a  20yA  pos- 
itive corona  in  air  at  pressures  up  to  about 
lOkPa,   according  to  the  extraction  hole  area 
and  the  j  <^  cos^<|)  current  density  distribu- 
tion law  of  Warburg  [1].   For  the  main  ion 
species  this  is  at  least  lO'^  times  our  dé- 
tection limit. 

Expérimental  results ;  Gold  extraction 
foil'.       For  the  first  ten  happy  minutes  of 
the  many  months  of  trials,  weak  currents  of 

and  NO"""  were  extracted  from  our  20yA  pos . 
point-to-plane  corona   (dry  air,   5kPa,  16mm 
gap  width) .  The  current  then  waned  away. 
It  reafpeared  for  ancbher  10  minutes  some 
months  later,   then  disappeared  for  good. 
Of  course  various  remédies  were  tried,  like 
increasing  the  extraction  field  and  varying 
the  gas  pressure,  but  to  no  avail. 

It  is  noteworthy  that  whenever  the  foil 
was  made  cathode  in  a  négative  glow  dis- 
charge in  the  same  gas,  positive  ions  were 
extracted  readily  enough.  They  were  the  ex- 
pected primary  ions  from  ionization  in  air: 
N^,  N+j  0^,  O"*",  ail  having  énergies  above 
100  eV. 

Aluminum  extraction  foil  Because  of  its 
insulating  oxide  layer,   an  Al  foil  should 
behave  very  differently  from  Au.  As  seen 
from  Fig.lb  the  Al  foil  holes  did  not  get 
quite  the  desired  conical  shape,   and,  to 
make  matters  worse,  we  mounted  the  foil  with 
the  conical  openings  facing  the  discharge. 
However,   this  time  the  expected  positive 
ions  did  corne  through,  though  with  far  less 
intensity  than  expected  from  geometrical 
considérations . 

The  following  properties  have  been  found: 
1)   A  négative  glow  discharqe  to  the  foil 
gives  primary  positive  ions,  as  with  Au  . 
But,   after  the  glow,  or  even  after  only  one 
positive  streamer  crossing  to  the  foil  sur- 


C7-  324 


face,   ail  thermal  energy  ions  were  blocked 
for  some  tens  of  minutes.  Then  they  gradu- 
ally  reappeared,   as  exemplified  by  Fig.2. 
(We  have  the  feeling  that  this  also  happens 
with  newly  installed  Au  foils,  with  the 
différence  that  thèse  foils  do  not  recover) . 

2)  Decreasing  the  focus  électrode  potential 
from  -800  to  -2200V  did  not  change  the  ex- 
tracted  ion  currents,  not  even  at  times 
when  the  ions  were  partly  blocked  due  to  a 
previous  négative  glow  or  positive  streamer. 
Increasing  the  focus  électrode  voltage  to 
-400V  gave  some  20%  réduction  in  the  ex- 
tracted  current.  Ail  other  électrode  poten- 
tials  were  kept  ajusted  for  maximum  extrac- 
tion currents. 

3)  A  central  disk,   5mm  dia.,  of  the  extrac- 
tion foil  including  the  holes  was  insulated 
electrically  and  the  ion  current  to  it  was 
monitored,   to  check  whether  the  disappea- 
ring  ions  were  deflected  away  from  the 
extraction  hole  area  by  surface  charges 
accumulated  during  négative  glows.  No 
effect  whatsoever  was  found. 

Discussion.  Our  experiments  have  shown: 

A)  The  positive  ion  current  to  the  part  of 
the  cathode  foil  containing  the  extraction 
holes  is  not  disturbed  by  the  effect  that 
blocks  the  extraction. 

B)  The  extraction  field  is  sufficient  to 
collect  a  fair  and  f ield-independent  part 
of  the  ions  passing  through  the  holes. 

C)  A  négative  glow  or  a  positive  streamer 
to  the  extraction  foil  send  >100  eV  ions 
through  the  holes,  but  also  blocks  the 
holes  for  thermal  energy  ions  for  10-20 
minutes  afterwards   (Al  foils) ,  or  indefin- 
itely   (Au  foils) 

The  most  straight-f orward  conclusion 
from  thèse  facts  is  that  the  Al  surface 
oxide  layer  must  be  benificial  for  thermal 
energy  positive  ion  extraction.  This  means 
that  a  positive  surface  charge  must  prevent 
positive  ions  in  being  destroyed  on  the 
hole  wall,  but  not  prevent  them  in  entering 
the  holes.  The  higher  energy  ions  in  a  né- 
gative glow  must  then  be  supposed  to 
destroy  the  insulating  layer,  which  after- 
wards, on  Al,   slowly  will  reform  in  air. 

However,  this  explanation  has  serious 


diff iculties: 

a)  At  2kPa  air  pressure  the  mean  free  path 
is  about  equal  to  the  hole  diameters .  The 
only  obvious  effect  that  could  block  the 
holes  is  the  mirror  potential  attraction  of 
positive  ions  to  the  wall.  Computations 
show,  however,   that  this  only  will  affect 
thermal  velocity  ions  less  than  .3ym  from 
the  hole  wall.  Thus ,  geometrically ,  an  easi 
ly  détectable  ion  current  should  pass  at 
thèse  low  pressures.   It  does  not. 

b)  At  high  pressures,  '\^20kPa,   the  ions  must 
diffuse  in  an  air  stream  through  the  hole. 
Stationary  solutions  for  diffusion  in  air 
streaming   through  a  cylindrical  hole  of  dia. 
and  lenght  5ym  show  an  ion  concentration 
decrease  by  a  factor  of  about  20,  which 
again  should  leave  ample  ion  current  for 
our  détection  apparatus.  It  does  not  appear. 

Références   [1]   Warburg,E.    "Handbuah  der> 
Physik"  Vol. 14,   ppl64-156.    Springer  1927. 
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1 .  Introduction 

Métal  halide  diacharges  in  horizontal  po- 
sition show  a  deflection  of  the  arc  from 
the  tube  axis  caused  by  convection.  De- 
pending  on  the  value  of  this  deflection 
more  or  less  déviations  from  the  cylindri- 
cal  symmetry  occur  so  that  the  measure- 
ments  of  température  and  partial  pres- 
sures  by  means  of  the  émission  coefficient 
of  optically  thin  spectral  lines  often  can 
not  be  accomplished  because  in  this  case 
a  cylindrical  symmetry  is  demanded  for  the 
Abel  inversion.  On  the  other  hand  ail  the 
methods  based  on  the  measurement  of  para- 
meters  of  an  optically  thick  spectral  line 
are  suitable  for  the  diagnostics  of  such 
non-cylindrical  discharges.  In  this  case 
the  expérimental  résulta  only  dépend  on 
the  conditions  along  the  line  of  observa- 
tion and  do  not  dépend  on  the  geometry  in 
the  other  arc  zones.  The  methods  to  be 
recommended  can  be  considered  as  being 
universal  for  this  type  of  discharges, 
because  from  the  majority  of  lighting 
additives  in  métal  halide  discharges  (Na, 
C8,Tl,In,Al,Sn,Sc,Fe  with  exception  of 
the  rare  earths)  optically  thick  spectral 
lines  are  available  for  measurements. 

2.  Expérimental  methods 

The  plasma  température  can  be  determined 
by  the  method  developed  in  [1]  and  used 
for  the  first  time  in  this  type  of  dis- 
charge  in  [2].  In  this  method  the  tempéra- 
ture is  measured  by  means  of  the  intensity 
of  the  reversai  maxima  of  an  optically 
thick  line,  but  only  such  spectral  lines 
can  be  used  the  lower  level  of  which  lies 
sufficiently  above  the  ground  level. 
According  to  Wien»s  formula 


The  coefficient  In(M.Y)  essentially 
dépends  on  the  positions  of  the  spectral 
line  levels  only  and  can  be  easily  deter- 
mined in  good  approximation.  For  instance 
for  the  Tl  line  535  nm  it  equals  to  0.85. 

The  distance  of  the  line  maxima  can  be 
used  for  the  détermination  of  the  partial 
pressures  p  of  the  lighting  additives. 
This  method  was  proposed  in  [3]  for  opti- 
cally thick  résonance  lines  and  extended 
in  [4]  for  optically  thick  non-resonance 
lines.  According  to  [3,4]  it  follows 

AA  =  a-  UCT(x,y)r^--p'/^  .  (3) 

a  is  a  coefficient  depending  onlf  on  the 
spectral  line  iinder  considération  and  the 
broadening  mechanism.  If  the  broadening 
parametere  are  unknown  only  the  relative 
partial  pressure  can  be  measured.  n  is  the 
broadening  exponent  equated  1  in  [3].  In 
our  conditions  (broadening  of  the  spectral 
line  by  a  foreign  gas)  it  is  better  to 
equate  n=1.6  [4J.  The  intégral 


(1) 


one  can  get  a  »Wien«s  température»  T^(x,y) 
according  to  the  position  x=0  for  each 
intensity  of  the  reversai  maxima  I^qx^^^ 
(x  -  coordinate  along  the  line  of 
observation,;  y  -  position  of  the  line  of 
observation  above  the  tube  axis;  x=0,  y=0 
-  coordinates  of  the  tube  axis).  The  real 
température  maximum  T(0,y)  along  the  line 
of  observation  is  determined  by  the 
relation 


T(0,y)  = 


(E    -  energy  of  the  lower  level  of  the 
spectral  line,  -Xq,+Xq  -  entrance  and  exit 
of  the  line  of  observation)  has  only  a 
relatively  weak  dependence  on  the  axis 
température  and  the  form  of  the  tempéra- 
ture profile.  For  many  purposes  it  can  be 
sufficiently  exactly  determined  by  assu- 
ming  an  approximated  profile  along  the 
line'of  observation  (for  example  a  para- 
bolic  profile  with  Tq=5000  K  and 
T^=1000  K.) 
3.  Results 

Métal  halide  discharges  with  various 
lighting  additives  were  run  in  a  horizon- 
tal position  with  d.c.  and  a.c,  and  the - 
température  and  partial  pressures  in  the 
plasma  were  measured  by  means  of  optically 
thick  lines  of  various  éléments. 

For  example  fig.  1  shows  the  température 
profile  in  an  a.c.  halide  discharge  with 
NaJ,  TU  and  InJ  as  lighting  additives 
and  Hg  as  buffer  gas  for  various  powers 
in  the  middle  of  the  électrodes  (the  dis- 
tance between  the  électrodes  1  =  42  mm. 
the  tube  radius  R  =  9,25  mm).  Using  (D 
and  (2)  the  plasma  température  was 
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determined  by  means  of  the  intensity  of 
the  reversai  maxima  of  the  Tl  line  535  ru 
It  was  foiœd  out  that  the  deflection  of 
the  température  maximum  from  the  tube 
axis  is  nearly  independent  of  the  power. 


103 

|p  (relunits) 


<  T(y)  600W 

•  T(y)  400  W 

•  T(y)  270W 


Pig,  1  ;  Temperatvire  and  Na  partial  pres- 
sure in  vertical  direction  (a.c.) 

Purthermore,  fig.  1  shows  the  dependence 
of  the  Na  partial  pressure  in  relative 
tmits  on  the  vertical  position  of  the  line 
of  observation  within  the  tube  which  was 
measured  from  the  distance  of  the  rever- 
sed  maxima  of  the  Na  lines  589,0/589,6  nm 
using  (3).  The  variation  of  the  pressure 
witb  various  powers  was  caused  by  the 
various  températures  of  the  tube  wall. 
For  a  certain  power  the  Na  partial  pres- 
sure slowly  increased  from  the  upper  wall 
to  the  tube  axis,  but  this  effect  is  of 
the  order  of  the  measuring  error.  In  the 
lower  part  of  the  discharge  it  is  not 
possible  to  get  data  because  the  dis- 
charge is  cooler  and  there  are  no  émission 
of  optically  thick  lines. 

In  métal  halide  discharges  burning  in  a 
horizontal  position  with  d.c.  strong 
cataphoretic  effects  occur  [5].  This 
means  that  the  partial  pressure  of  the 
lighting  additives  rapidly  decreases  from 
the  cathode  to  the  anode  while  the  plasma 
température  increases  in  this  direction. 
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Pig,  2  shows  the  température  dependence 
in  z-direction  ( z-coordinate  in  direction 
of  the  tube  axis,  z  =  0  -  middle  between 
the  both  électrodes)  for  the  same  dis- 
charge like  in  fig.  1 ,  but  buming  with 
d.c.  The  température  at  the  centre  of 
the  deflected  arc  was  measured  by  means  oi 
the  intensity  of  the  reversed  Tl  line 
535  nm.  Purthermore  fig.  2  shows  the  vari- 
ation of  the  partial  pressures  of  Na,  Tl 
and  In  along  the  z-axis  obtained  from  the 
distances  of  their  maxima  of  the  lines 
589,0/589,6,  535  and  451  nm. 


Pig. 


3:  Na  partial  pressure  in  vertical 
direction  (d.c.) 


Pig.  2:  Température  and  partial  pressures 
of  the  lighting  additives  along 
the  axis  (d.c.) 


The  measurement  of  the  Na  partial  pressure 
in  y  direction  shows  an  effect  of  vertical 
ségrégation  in  the  d.c.  discharge  as  is 
demonstrated  in  fig.  3  for  various 
z-positions.  An  explanation  for  this 
effect  can  be  given  in  the  following 
manner:  There  is  a  field-driven  flow 
of  additive  ions  through  the  arc  to 
the  cathode,  a  back  diffusion  of  additive 
neutrals  mainly  through  the  cold  gas  at 
the  bottom  of  the  tube,  and  the  circle  is 
closed  by  the  transport  of  the  additives 
according  to  this  vertical  partial  pres- 
sure gradient  from  the  bottom  back  into 
the  arc.  For  Tl  and  In  this  effect  is 
perceptible  to  a  smaller  extent. 

Por  Na  this  effect  was  obtained  in  d.c, 
discharges  with  other  additives  too,  for 
example  in  discharges  with  CeJ^  and  NaJ, 
In  an  a,c.  discharge  there  is  a  suf- 
ficiently  homogeneous  Na  distribution, 
while  in  the  case  of  d.c.  a  ségrégation  in 
the  vertical  direction  occurs, 
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1 .  Introduction 


he  électrode  erosic 
:  material  of  the 
ent  gas.  The  know- 
1  important  tool  in 
:ioned  phenomena.  W« 


The  behavior  of  the  arc,  i 
and  the  stability  dépend  on  th( 
électrodes  used  and  on  the  amb: 
ledge  of  the  arc  spectrum  is  ai 
order  to  explain  the  above  men 
have  shown  that  a  temporal  corrélation  exists  bet- 
ween  spectral  lines  intensity  and  arc  voltage  fluc- 
tuations tl].  The  molecular  bands  having  a  positiv( 
corrélation  coefficient  are  identified  here  as  wel 
as  the  origin  of  the  responsible  radical. 
2.  Expérimental  Techniques  and  Results 


-  CO,  and  Ar+  0, 


e  burning  arc: 
:tures  has  beei 


studied.  The 


électrodes  were  of  différent  purity  grades  of 
copper.  The  expérimental  seti  j  is  shown  in  fig.  1. 
The  voltage  used  was  250  V  with  a  current  of  1,5  A, 
and  a  gap  spacing  of  2-3  mm.  Under  thèse  conditions 
the  arc  is  rather  stable  and  the  spectrum  can  be 
recorded  for  a  relatively  long  period  of  time 
(      30  mn  )  which  allows  the  same  wavelength  inter- 
val  to  be  repeated  several  times.  The  reproducibi- 
lity  of  the  spectra  is  satisfactory .  The  photomul- 
tiplier  current  and  the  arc  voltage  are  synchro- 
nously  sampled  with  a  frequency  in  the  1   KMz-l  IIHz 
range  and  recorded  in  a  wave  memory  recorder 
(2  x  1024  samples).  The  samples  are  then  displayed 
on  an  X-Y  oscilloscope  (  X  for  light  and  Y  for  vol- 
tage). The  set  of  points  statistically  characterize 
the  mentionned  corrélation.  Fig.  2  refers  to  a 
Copper  line  (5153  A  )  -  fig.  3  refers  to  the  head 
of  molecular  band  (3883  A)  for  a  free  burning  arc 
in  air.  The  comparison  between  figs  2  and  3  shows 
that  the  average  slopes  of  the  clouds  of  points  are 
opposite.  Precisely,  on  fig.  2  the  light  intensity 


ntense  thaï 

et  the  molecular  bands  ôf 
air  burning^ 
1  remark  that  in  an  arc  witl 


increases  which  diminishing  arc  voltage  and  inver- 
sely  on  fig.   3.  Exploring  the  arc  column  in  air  with 
industrial  copper  électrodes , the  violet  System  of 
molecular  bands     of  CN  in  the  région  3850-4216  A  was 
found. 

b'  E""  ->  x'  E""  A  v  =  G  ,  A  V  =  1 

To  solve  the  problem  of  the  origin  of  CN,  the  élec- 
trodes were  replaced  by  ultrapure  copper  électrodes 
.  (99,995  '%).  The  molecular  bands  were  still  visible 
(fig.  4).  When  arc  was  burning  in  air,  but  they 
disappeared  (for  both  types  of  électrodes)  when  air 
was  replaced  by  mixtures  of  Arand  O2  (both  of 
99,995  %  purity)  as  it  is  clear  from  fig.  5. 

For  arcs  burning  in  an  atmosphère  of  N2(99,995%) 
the  molecular  bands  of  nitrogen  ; 
it  is  impossible  to  deti 
CN.   It  is  interesting  t. 
small  currents   (  <  3  A  )   the  molecular  bands  of 
nitrogen  are  not  observed.  For  an  arc  burning  in  CCr- 
enriched  air  we  observed  that  the  CN  molecular  bands 
intensity  increased  considerably  (500-1000  times). 
This  fact  additionally  proves  an  atmospheric  origin 
of  CN.  The  measurements  of  the  CN  molecular  bands 
intensity  allow  to  estimate  the  C02-concentration . 

It  appears    [2]  that  i?  the  System  C-O-N  the 
concentration  of  CN  radical     increases  with  increa- 
sing  gas  température.  For  températures  of  T > 6000  K 
in  the  free  burning  arc  in  air  only  three  types  of 
radicals  and  atoms  exist  :  CN,  N,  0. 
3.  Conclusions 

The  experiments  show  that  radicals  of  CN  found 
in  the  arc  burning  in  air  have  an  atmospheric  ori- 

metal  vapour  émission  ceases  the  arc  vol- 
tage increases  due  to  decreasing  conductivity  and 
synchronously  the  CN  band  intensity  increases. 


gin 
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Abstract.The  inveatigationa  of  discharge 
phenomena  in  continuons  medivun  are  conne- 
cted  with  the  study  of  the  objecta  of 
high  density  gradients,  high  apeeds  of 
movement  - 1 0^-1  o'^ cm/s,  small  characteris- 
tic  lengths  '-10'"^-10''^cm.  This  work  is 
devoted  to  the  analyeia  of  spécial  fea- 
tures  of  microdisturbances  interferomet- 
ry.  The  objects  of  10~^cm  sizes  with 
stepwise  density  discontinuity  are  inves- 
tigated  [ 1  ]  • 

Por  axial  symmetry  inhomogeneity  the 
changes  of  refraction  index  connected 
with  the  shift  of  interferometric  frin- 
ges  4(oc^by  the  Abel  intégral  équation 
(the  refraction  effects  being  neglected): 
A-n(r*^  .  _  (1) 


ci 


The  method  of  statistical  regularization 
was  used  to  solve  this  équation  j^2,3  j  • 
It'8  need  to  note  the  high  influence  of 
data  errors  on  the  accuracy  of  reatora- 
tion.  It  is  a  first  attempt  of  retrieval 
for  «uch  clasB  of  problems, 

Therefore  the  reliability  of  the  ap- 
proximate  méthode  of  the  Abel  eqiiation 
solution  was  checked  up  by  numerical  ex- 
périmenta on  model  function  with  stepwise 
discontinuity  on  the  object's  bovmdary 


A  n(7>")  =  exp  (1 


(2) 


The  real  experiment  was  simulated  by  in- 
troducing  of  random  normal  errors  3-10% 
relative  to  maximiim  of  fimction  into  ap- 
propriate  values  of  ^(.oc^  .  The  Fig.  1 
showa  the  reaults  of  restoration  of  the 
function  (2)  with  5%  noise  level  (a). 
One  can  see  that  the  retrieval  error  of 
discontunuity  value  is  about  4%  while 
the  radius  is  dividing  into  10  zones  (•) 
and  not  more  than  1%  while  it's  dividing 
into  15  zones  (o). 

The  numerous  séries  of  model  calcu- 
lations  for  amooth  functions  show  the 
high  accuracy  of  the  reconstruction. 

The  possibilities  of  the  methods  ap- 
plied  to  microobjects  with  the  stepwise 
iistribution  of  density  were  determined 
on  spécial  set  up  including  the  Mach- 
Zehnder  interferometer  and  He-Ne  laser 
as  a  source  of  light.  The  object  was  a 
cylinder  of  melted  quarts  with  the  dia- 
meter  (0.5f2) • 10~^cm  put  into  cell  with 
CCÊ^  .  It  was  possible  to  regulate  the 
value  of  refraction  index  changing  An  = 
=  yi-  TV  by  température  variation  of  the 
liquid.  An  average  refraction  index  of 
the  melted  quarz       and  the  température 
dependence  of  refraction  index  ofCC£^ we- 
re determined  by  refractometer  for  the 
wavelength  of  H  -632.8nm  (the  accuracy 
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of  the  measvirement  being  -lO"^)  ,  the 
accuracy  of  thermorégulation  being-^O,  1  °C. 

Pringe  ahifts  were  measvired  by  the 
multiplication  of  photography  (100  or  200 
times)  with  the  help  of  comparator.  One 
can  see  (fig. 2)  the  résulte  of  the  recon- 
struction of  the  stepwise  refraction  in- 
dex profile  (       =1.05-10~^cm,  An=1.95- 
•10"^)  by  the  method  of  statistical  re- 
gularization.  It  is  seen  that  the  error 
of  the  shock  reconstruction  is  about  7%. 
The  displacement  from  the  relation  à  rt  = 
=  constmaj  be  connected  with  the  fine 
structure  of  microsamples.  However  an 

average  of  refraction  index  changing  (  

 )  is  in  good  agreement  with  measured 

one  (  ). 

As  a  resuit  we  corne  to  conclusion  about 
the  sufficient  reliability  of  the  above 
method  applied  in  interferometric  study 
of  microdisturbances  appearing  at  the 
initial  stages  of  the  electric  dischar- 
ges in  liquid  dielectrics.  In  thèse  ex- 
pirements  the  ruby  laser  with  the  puise 
duration  of  5*10"^  was  used, 

The  analyses  of  the  possible  errors 
show  that  the  main  déviations  of  the 
shifts  values  obtained.  In  the  Pig.3  one 
can  see  results  of  the^n(7»)reconsructi- 
on  beyond  the  spherical  Shockwave  front, 
arieing  as  the  resuit  of  local  explosion 
on  the  surfase  of  positive  électrode  in 
distilled  water.  Investigations  of  the 
shock  waves  dynamic  allowed  to  estimate 
the  value  of  maximum  pressure  and  energy 
density  in  the  région  of  local  discharge 
I  4  j  with  the  help  of  approximate  gasdy- 


namic  relations. 

In  the  Pig.4  we  can  see  the  results 
of  the Û7V (-fc)  reconstruction  for  distur-  ' 
bances  in  ether  («5^4).  The  reconstruc- 
tion of  pressure  profile  for  similar 
disturbances  allows  to  appreciate  its  va- 
lue on  the  boundary  of  initial  ionized 

channel  in  liquid  (   ),  which  is  very  : 

important  for  tmderstanding  of  physical 
processes  connected  with  discharge. 
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ON  THE  VUV  RADIATION  OF  TOWNSEND  AVALANCHES 


V.D.  Peskov. 

Institute  for  Physiaal  Problems  Mosaow,  U.S.S.R. 

Gas  scintillation  counters  of  radiationl 
ii^tenaâxvely  developed  in  last  years ,  are 
advanced  compare d  to  proportional  gas  coun- 
ters by  their  enhansed  energy  resolution  [l] 
In  such  a  counters  there  is  registered  VUV 
radiation  of  the  Townsend  avalanches  (A)  in 
contra st  to  charge  collecting  in  the  con- 
ventional  counters.  This  work  concerns  the 
study  of  the  VUV  spectra  of  A  in  rare  gases 
and       at  pressures  P=0.-l-50  atm. 
Method  :  An  installation  for  spectra  recor- 
ding  of  a  single  A  is  pieented  in  Fig.1. 
A  was  initiated  in  the  cylindrical  coxinter 

(7)  by^^Fe.  Their  radiation  at  A  4.  1050  A 
was  recorded  by  open  coxinter  (12)    with  a 
narrow  spectral  sensitivity    varied  from 
500  to  1000  A  by  means  of  changing  the 
working  gas  in  counter  and  filter  before 
the  counters.  Radiation  with  7^  >  1050  A 
was  recorded  by  the  narrow-band  counter 
with  LiF  Windows  (2).  Spectra  of  the  large 
(continuous)  stream  of  A  ,  initiated  by 

(activity  0.1  c)  were  recorded  by  the 
vacuum  spectrograph. 

Fig.1  1-high 
pressure  chamber, 
2-coxinters  with 
LiF  window  (9) , 
5-tap ,4-purif ier , 

5-  calibrated 
source  of  VUV, 

6-  manometer ,  7- 
scintillation 

\^  j      ^  counter  with  wire, 

(8)  ,  10-spectrograph,  11-tap  for  gas  flow- 
ing,  12-open  counter,  15-diff erential  cham- 
ber, 14-tap  for  flowing  impurity  gas. 

Tn  rare  gases  the  accumulation  of  excited 
atoms  is  possible  ^5 1  t  so  due  to  the  atep 
ionization  the  spectra  of  singular  A  and  a 
large  stream  of  A,  in  gênerai,  may  be  dif- 
férent. 


Results  :  Constant  electric  field 
a)  Rare  gases    The  me a sûrement  show  that 
spectra  of  continuous  stream  of  A  were 
due  to  molecular  radiation    of    the  rare 
gase.    Table  1    présents  the  intensity 
distribution    of  singular  A  radiation  in 
relative  photon  numbers  at  différent 
spectral  intervais,  measured  by  narrow- 
band  counters.      ^^^^^  ^ 
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Comparison  of  thèse  data  with  energy  dis- 
tribution in  molecular  spectra  (see  for 
example  [2]  )  reveals    their  qualitative 
agreement.  Therefore,  A  in    rare  gases 
excite  preferably    the    molecular  spectra. 
To  expiore  the  efficiency  of  the  excited 
molécules  formation  and,  therefore  the 
brightness  of  A  radiation  we  have  measu- 
red the  rates  of  the  rare  gases  molécule 
formation  in  the  three-pau?ticle  collision 
processes.    For    this  purpose  there  was 
measured  the  rise  time  of  the  electrical 
and  VUV  signais  in  the  counters    with  a 
thin  wire  (  0.01  mm)  -  see  Fig.2.  The 
puise    front    consisted  of  the  électron 
i  !j1  y  and  ion  (  5^  )  components,  Fast 
component  of  the  VUV  puise  front  U~g  was 
due  to  formation  of  the  excited  molécules 
and, slow  -         -  to  their  radiative  de- 
cay,  The  expérimental  results  are  pre- 
sented  in  Table  2.  The  rate  coefficients 
calculated  by  thèse  data  are  :  for  Ar 
(4.5±2)  10"^^  cœ^  s"'^  and  for  Xe  - 
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(7*^2)  10"^^  cm^  s"''. 


Fig.2  Electrica](a)and  li^t  signais  from 
counter  fi lied  with  Ar+CH^  (b)  and  Ar  (c) 
Table  2 
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91,3 

0,1 
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Next  experiment  was  held  in  a  fixed  vo- 
liime  w^ere  the  excited  atoms  concentration 
was  supported  at  a  constant  level.  The  dis- 
charge  chamber  with  gas  at  pressures  1-10 
torr  was  irradiated  with  sourceÉwc)This 
chamber  was  ooiiited  to  the  ionization  cham- 
ber. The  VUV  photon  counter  (flowing  or 
with  LiF  window)  were  placed  perpendicularly 
to  the  axis  of  the  ionization  chamber.  The 
concentration  of  excited  atoms  and  distri- 
bution of  the  VUV  brightness  was  evaluated 
by  the  method,  described  in  [5]  .  The  con- 
stants of  the  excited  molécule  formation 
calculated  by  thèse  data  were  for  Ai  ^ 
~10"5^  cm^  s~\  for  Xe-5-10"^^  cm^  s"'', 
b)  H2  Spectroscopic  measurements  in 
show  that  in  visible  and  VUV  régions  only 
weak  molecular  spectrum  is  excited.  On  the 
other  hand,  in  the        counter  with  a  thin 
wire  (diameter  0.1  mm)  the  electric  fteld 
strength  may  grow  up  to  10^  V/cm  and  the 
électron  energy  stored  at  their  last  free 
path  near  the  filament  may  be  increased  up 
to  100  eV.  In  this  case  the  émission  of  the 
bremsstrahlung  radiation  from  the  anode, 
analogous  to  the  spectrum  of  the  électron 
gun,  is  possible.  We  have  measured  such  a 
spectrum  by  means  of  œultiwire  counters  [4] 
and  discovered  the  weak  bremsstrahlung 
radiation  of  électrons  from  the  anode. 


II    Alternating  electric  field    In  the 
paper  [5]  there  was  described  the  scin- 
tillation counter  with  HF  electric  field. 
Such  a  counter  advantageously  differs  fror 
co\inters  with  a  constant  field,  because  il 
can  measure  simultané ously  ail  three  coor- 
dinates  of  the  photons  or  particles.  We 
have  studyed  spectra  of  A  both  in  the  ca- 
vity  and  in  the  flat  spark  counter  with  a 
HF  feeding.  Electrons  multiplication  in  th 
HF  electric  field  caused  the  propagation 
of  ionization  wave  with  velocity  of  10^  - 
10''  cm/s  from  the  point  of  the  initial  io- 
nization. The  experiments  with  narrow-badc 
counters  show  that  propagation    of  this 
wave  resulted  from  diffusion  of  résonance 
photons  (at  short  distances)  and  with  mo- 
lecular radiation  -  at  long  distances  . 
Références  : 

1  A, J.P.L.Policarpo,  Space  Sci.Instr, 
i,  77,  1977 

2  A.N.Zaidel,  E.Ya.Shreider ,  "Vakuumnaya 
spectroskopiya  i  ee  primenenie",  Nauka 
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Astronomiya  VINITI,  M,  1974,  p. 173 

5  S,Pukui,  S.Hayahawa,  J.Phys.Soc. Jap, 
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The  principle  of  spherical  ionization 
wave  propagation  was  used  to  construct  1 
the  X-ray  détecter,  where  the  coordinates 
of  the  initial  photons  were  determined  by 
the  VUV  radiation  delay  time  measured 
near  the  opposite  edges  of  the  counters. 
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It  is  known,  that  in  the  nearelectrode 
régions  of  low  pressure  arcs  there  occur 
a  lot  of  exotic  phenomena  [l]  .  As  for  the 
high  pressure  discbarges,  the  information 
about  the  électrode  phenomena  is  very 
scanty  be cause  the  intensity  of  visible- 
émission  is  usually  comparable  to  the  ra- 
diation of  nearelectrode  régions. 

Présent  work  is  devoted  to  comparison  of 
visible  and  VUV  spectra  (500-10000A)  of  the 
electrodeless  (EL)  [2]  and  électrode  (E)  HP 
discharges  and  direct  current  arc  (A)  with 
W,  Mo  or  Cu  électrodes  in         ^2  ^^^^ 
gases  at  the  pressures  up  to  30  atm  with 
similar  dimensions,  power,  current  and  other 
characteristics.  Space  distribution  of  the 
luminosity  of  the  visible  light  was  measu- 
red  by  stereoscopical  system  composed  of 
two  dissectors.  In  the  ^^UV  and  ultrasoft 
X-ray  régions  we  used  the  two-dimensional 
coordinate  counters.  In  the  whole  spectral 
région  (50-7000  A)     space    re solution  was 
about  0.1  mm. 

1 .    Experiments  at  p=1  atm    a)  Spectra  in 
2000-10000  A  région.    The  spectra  of 
and  D2  discharges  have  H~  continuum  and 
B aime rb line s.  The  diameter  of  H~  émission 
région  was  a  few  mm  large r      compared  to 
line  émission  zone.  With  increasing  of  the 
discharge  power  from  0.5  to  5  kWt  the 
plasma  parameters    varied    in    such    a  way: 
in  A  -    Te    from  0.8  to  1.1  eV,         -  from 
5-10''^  to  10''''  cm~^,  in  E  -     Te   from  0.7 
to  0.9  eV,    ne.  -  fron  2  10^^  to  lo''^  cm"^, 
EL  -îfrom  0.7  to  1.2  eV,    Hf.  -  from 
J-IO'^^  to  10''^  cm~^  (.  >  ne  -électron 

température  and  density,  respectively) . 
One  may  conclude  that  in  EL  is  of 

some  orders  lesser,  than  equilibrium 
calculated  by  Saha  équation,  whereas  in  A 
and  E  this  disagreement  doês  not  exseed  2. 


In  ELone  observes    also  the  disagreement 
of  about  two  orders  with  Boltzmann  law  for 
level  population.    Due    to  low 
density  the  électron  energy  distribution 
function    bas  the  "cut-tail"  ,     so  the 

impurity  lines  in  ELwith    EdcVr.  >  Ec  -ioni- 
zation  potential  of  the  main  gas  -  were  not 
excited.    But    even  in  the  regims  when 
électron  densities    of    ail  the    types  of 
discharges  were  equal,  in  EL  différent  to 
A  and  E,  lines  of  impurities    were  not 
excited  (7^   of  EL  was  larger  than  in 
A  and  E) .  Similar  results  were  obtained 
in  rare  gases. 

b2  Spectra  in  the  range  500-2000  A  In 
and  D2  in  A  with  W  and  Mo  électrodes  the 
highest    luminosity    was    observed  on  the 
cathode  spot  with  dimensions  about  0,1  mm. 
The  radiation  from  èathode  has  puise  form 
with  a  time  of  ~  yMs,  moreover  in  some 
cases  we  succeeded  to  observe  by  means  of 
coordinate  counters  the  puise  jets,flowing 
from  the  spots  to  column  (Fig.1) .Theref ore 
we  obtain  in  W  and  Mo  électrodes  an  "ex- 
plosive" mechanism  of  émission  [^1  ^  . 


àj 

C) 

Fig.1    Oscillograms  of  the  signais  (see 
from  two-dimensional  counters  observing  the 
région  of  0.5X0.5  nmi  a)  t=0,  b)  t=1  Ms, 
c)  t=2yss. 

Electron  concentration  in  the  nearcathode 
région  raeasured  by  the  coïncidence  of  the 
signais  from  spectrograph  and  coordinate 
covinters  was  about  I0''®  cm~^,  so  thèse  Jets 
carry  the  électrons  and  ions  into  the 
plasma  column.  Nearelectrode  régions  emit- 
ted  the  intense  continuum  spectra  too. 
Maximum  energy  the  photons. 
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emitted  from  cathode  measured  by  means  of 
the  open  coiinter,  was  about  100  eV  for  the 
intensity  about  1  phot/s  in  '^'^  steradn. 
Such  radiation  corresponds  to  the  effective 
spot  température  about  5  eV.  On  the  Cu  ca- 
thode a  so  called  "thermal"  mechanism  of 
émission  [l]  is  likely  to  realize,  because 
strong  fluctuations  in  VUV  and  photons 
with  5^1^  ~  100  eV  were  not  observed  and  the 
spot  dimension  was  about  0.2-0.5  mm.  In  E 
discharge  near  the  électrodes  we  did  not 
observe  spots,  but  there  were  registered 
the  moving  filaments  about  0.1  mm  in  diame- 
ter  and  0.5  mm  in  length.  Electron  density 
in  the  filament  was  about  5-5  times  higher 
than  in  the  baokground  plasma,  so  in  E 
there  occurs  an  injection  of  the  électrons 
ions  and  excited  atoms  from  électrodes  to 
colximn.  A  spécial  experiment  was  made  to 
check  the  influence  of  the  small  nearelec- 
trode  région  on  the  density  of  électrons 
and  excited  atoms.  We  bave  introduced  into 
the  EL  for  a  1  ms  the  W  wire  perpendicu- 
larly  to  the  electric  force  lines  (  in  or- 
der  not  to  distort  the  electric  field). 
This  procédure  provides  two  or  three  fold 
increase  of   Aie    in  the  puise.  Radioscopy 
of  the  discharges  by  means  of  X-ray  gun 
and  with  an  émission  of  the  discharge 
shows,  that  in  EL  impurity  concentration 
did  not  exceed  10~%,  but  in  A  or  E  it  was 
about  0.1%.  Similar  results  were  obtained 
in  rare  gases.  We  did  not  manage  to  record 
the  radiation  with  Fj/ 100  eV  in  A 
because  of  the  strong  absorption,  but  in 
the  nearelectrode  région  there  were  exci- 
ted the  weak  ion  lines.  The  halfwidth  of 
Hell  line  (1640  A),  measured  by  the  coïn- 
cidence technique  for  the  signais  from 
spectrograph  and  coordinate  counters  was 
about  0.5  A,  i.e.  température  was  about 
several  eV.  When  the  discharge 
was  switched  off  within  0.1        the  spots 
in  A  disappeared  approximately  in  the  same 
interval,  but  in  E  -  for  someyMs.  After- 
glow  time  of  ail  types  of  the  discharges 
was  nearly  the  same  (  about  some/Ms)  in 
the  visible  région,  and  was  about  10  /M  s 
in  VUV.  It  showes  that  électrodes  did  not 
strongly  affect  the  beat  balance  in  A  and 
E.  The  cooling  time  similar ly  diminished 


increased  the  speed  of  gas  rota- 
tion in  the  discharge  chamber. 
2.    Experiment s  at  p > 1  atm    We  did  not 
maxiage  to  distinguish  VUV  and  visible  émis- 
sion of  the  nearelectrode  régions  in  H2 
and  D2  at  p>  2  atm  from  the  background 
continuum  radiation  of  the  column.  Visible 
spectra  of  the  discharges  were  similar,  bul 
in  EL  ne   was  2-5  orders  lesser.than  in 
equilibrium.  At  the  same  time  we  observed 
the  5-10  fold  déviation  of  the  level  popu-  ; 
lations  from  Boltzmann  law.  Ail  the  lines 
vanished  in  rare  gases  at  p>5  atm  in 
spectra  of  EL  and  only  continuum  radiation 
was  présent.  It  was  due  tô  low  lo''^ 
cm     and  the  absence  of  the  électron  dis- 
tribution function  tail.  At  the  same  power 
volume  density  in  A  and  in  E  the  lines  were 
presented.  We  succeded  to  observe  the  cgi- 
thode  spot  in  A  only  in  He  at  7\  <  1000  A. 
The  intensity  of  this  emiUxê^  by  two  or- 
ders of  magnitude  with  a  characteristic 
time  about  5-5 yM s. 

Conclusion    This  work  shows,  that  in  A  and 
E       is  always  more  close  to  equilibrium 
than  in  Et.  In  E  and  A  equal  n^^   in  cont- 
rast  to  EL  impurities  with  £"tc^>fcwere 
always  excited.  Similar  results  were  ob- 
tained in  the  work  j^5  ]  ,  where  visible 
spectra  of  E  and  EL  were  compared.  Our  ex- 
periments  in  VUV  showr  that  injection  of 
the  électrons,  excited  atoms  and  impuri- 
ties in  A  and  E  facilitated  the  establish- 
ment of  equilibrium. 
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ON  lONIZATION  INSTABILITIES  OF  HIGH  PRESSURE  DISCHARGES 


V.D.  Peskov. 

Institute  for  Physiaal  Problems,  Moscou,  U.S. S. H. 


Récent ly  there  was  discovered  an  in- 
stability  of  high  pressure  dischargesJi-ilbut 
the  mechanism  of  suoh  Instability  has  not 
been  studied.  This  report  is  devoted  to 
the  expérimental  investigation  of  the  in- 
stability in  direct  current  arcs  and  in  HF 
discharges  [4]  in  Hg,        and  rare  gases  at 
pressures  up  to  P=30  atm, 
Methods  :  Fig.1  shows      the  expérimental 
arrangement.  Discharge  émission  was  re- 
gistered  by  means  of  stereoscopical  Sys- 
tem composed  of    two  dissectora  and  two 
fast  (~0,1^s)  two-dimensional  coordi- 
nate  counters,  visualizing  VUV    and  soft 
X-ray  radiation  of  plasma  in  narrow  bands 
from  100  to  2000  A  with  the  space  resolu- 
tion about  0,1  mm, 

Fig,1     1 -dis- 
charge, 2- 
chamber,  3- 
pulse  lamp,4- 
camera-obscura 
with  coordi- 
7  nate  counters, 
5-X-ray  coim- 
ter,  6-3pec- 
trograph, 
7-dissector, 


8-  electric  probe,  9-X-ray  gun 


Spectra  were  recorded  by  the  mono- 
chromator  ï/IDR-2  and  vacuum  spectrograph 
DPS-29.  Electric  field  distribution  near 
the  discharge  was  measured  by  the  probe. 


Results  :  Two  types  of  the  instabilities 
were  discovered.  The  first  one  arises  at 
at  P  :>  3  atm  in  carefully  purif  ied  gases 
with  diminishing  of  gas  rotation  speed, 
This  instability  arose  in  arc  and  électrode 
HP  discharge  in  the  form  of  disordered 
breakdowns  near  the  main  discharge  column 
bended  by  Arhimed  forces  (Pig,2a).  Ion 
lines  appeared  in  rare  gases  simultaneously 
with  breakdown.  After  the  breakdown  the  vi- 
sible émission  vanished  for  sorae  ^s,  but  in 
VUV  one  can  observe  the  molecular  spectrum 
of  rare  gases  during  some  tens  of  s. 

Pig,2      a)  schéma 
of  first  type  of 
instability. 


b)  oscillograms  of 
arc  current  (  1  ) , 
<f;  lines  (2) ,  and 
molecular  (3)  ra- 
^  diation    at  the 

40  u  10  m  moment  of  break- 
down, c)  oscillo- 
^^gram  [5]  of  sig- 
nais from  coordi- 
nate  counter  pas- 
sed  10  ^  s  after 
breakdown 

In  electrodeless  HP  discharge  this  in- 
stability displayed  as  an  oscillations  of 
discharge  dimension  with  a  characteristic 
time  about  lO^s,  It  was  suggested  [ô]  , 
that  such  a  breakdown  was    due  to 
avalanche  ionization  of  excited  atoms 
accumulated  near  the  main  discharge 
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column.  An  attempt  to  calculate    such  a 
breakdovm  has  been  made  in  paper  ^7~\  .Our 
measurements  with  coordinate  counters 
show,  that  immedeately  before  the  break- 
dovm the  intensity  of  molecular  radiation 
near  the  discharge  substantionally  incre- 
ases  that  confirms  the  accumula.tion  of 
atoms. 

To  demonstrate  experimentally  the 
possibility  of  this  mechanism  the  follo- 
wing  experiment  was  produced,  When  dis- 
charge  came  up  to  the  surface  we  irradiate 
the  région  near  the  column  by  the  colli- 
mated  puise  of  radiation  with  energy 

>  E^y  Ei^'Ecx.  ^^'^  with  intensity  of  the 
order  of~10^'-'  phot/s  (  E^^    ,  Eej<  -  ioni- 
zation  potentials  and  first  excited  level 
of  rare  gas  atom) .  Breakdown  appeared  si- 
multaneously  with  the  radiation  puise, 
This  experiment  proves  the  hypothesis 
suggested  in  \_^~\  because  such  radiation 
may  ionize  only  excited  atoms,  but  not 
normal. 

The  second  type  of  instability  ap- 
pear;3  only  in  HF  discharges.  It  was  dis- 
played  in  the  form  of  rapidly  growing 
(  1^3)  filamentary  régions  (diameter  0,1- 
1  mm)  intensively  radiating  in  VUV  (mainly 
continuxam  spectrmn)-  see  Pig.3. 

-Fig,3  Signais 
from  dissector 
(a)  and  coordi- 
nate counter  (b) 
during  growth  of 
_second  type  in- 
stability [5]  . 
Pull  Scan    5  ^s. 


usly  with  filament  growth  one  can  observe 
the  weak  flashes  of  ion  lines  and  in 
weak  radiation  in  interval  up  to  100  A  . 
The  lifetime  of  thèse  filaments  was  about 
lOy^s.  Prom  both  the  spectral  distribution 
and  its  absolute  brightness  one  can  eva- 
luate    7^  ~  2  -  3  eV.  Electrical  probe 
measurements  show  the  increase  of  electric 
field  lines  density  near  the  inhomogeneitie 
at  the  moments  of  filament  growth.  We  can 
suggest  the  following  mechanism  of  this 
instability.  Electron  density  fluctuati- 
ons provide  the  région  of  enhansed  conduc- 
tivity  with  local  increase  of  the  electric 
field  ^    .  As  a  conséquence,  there  improves 
the  "tail"  of  électron  energy  distribution 
function,  increases  the  électron  density, 
ratio  E/p  ,  etc. 

The  filament  decay  is  likely  to  be 
connected  with  swelling  and  skinning  which 
draw  up  the  overheated  région  onto  the 
discharge  surface. 
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In  the  visible  région  continuum  luminosity 
-^ractically  did  not  change,  but  sinchrono- 
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PLASMA  FORMATION  KINETIC  AT  KNUDSEN  ARC  IGNITION 

A.A.  Bogdanov,  V.B.  Kaplan,  A.M.  Martsinovskiy,  V.G.  Yur'yev. 

A. F.  loffe  Physiaal  Techniaal  Institute  Aaademy  of  Saienoes  of  the  U.S.S.R.,  Leningrad,  K.21,  U.S.S.R. 


In  présent  report  attempt  is  made  to 
describe  the  whole  picture  of  Knudsen  arc 
ignition,  that  was  investigated  unsuffi- 
ciently  before  /I/.  The  complex  phenomena 
due  to  secondary  cathode  processes,  that 
are  inhérent  in  break-'down  in  cold  élec- 
trode gas  discharges,  are  absent  in  pré- 
sent situation.  Therefore  the  discharge 
growth  is  conn.ected  with  plasma  création 
and  corresponding  electrical  field  varia- 
tion in  the  interelectrode  gap. 

The  investigations  were  performed  in 
device  with  parallel  plane  électrodes. 
Cathode  with  indirect  heating  was  utiliz- 
ed.  The  gap  d  ~  (1-2)  mm.  The  électrode 
diameter  2  2-^10  mm.  The  gas  filling  is 
the  césium  vapour  at  pressures     (10  ^  - 
_  lo"'^)  torr.  The  discharge  ignition  was 
done  by  rectangular  puise  with  front 

O.I^us.  There  was  no  anode  load  in  the 
circuit.  Therefore  anode  voltage  was  con- 
stant during  arc  ignition.  The  main  expé- 
rimental methods  are  spectroscopical  and 
probe  ones.  The  gated  intégration  was 
used  with  time  resolution  '^50  ns. 

The  discharge  ignition  may  be  divided 
into  three  stages  that  dépends  on  carrent 
variation  after  anode  voltage  puise  appli- 
cation /2/:  delay,  breakdown  and  relaxa- 
tion /Fig.I/.  It  is  noticeable  that  the 
arc  development  isn't  radius  depending 
practically  at  ail  stages.  It  facilitâtes 
the  arc  investigation. 

At  delay  stage  there  is  no  quasineut- 
ral  plasma  in  the  gap.  Initial  current 
value  at  t=0  and  potential  distribution 
is  in  keeping  with"5/2"  law,  the  initial 
électron  velocities  being  taken  into  ac- 
count.  lonization  begins  near  anode.  When 
ion  concentration  grows,  the  main  poten- 
tial drop  moves  towards  cathode.  The 


ionization  and  excitation  are  direct. 
Therefore  it  is  possible  to  define  poten- 
tial distribution  in  the  gap  by  measure- 
ment  of  various  atom  excited  level  distri- 
butions. Thèse  results  permitted  to  carry 
out  the  self consistent  calculations  of 
discharge  development  at  delay  stage 

When  delay  stage  comes  to  breakdown, 
the  quaslneutral  plasma  forms.  Initially 
it  forms  near  anode.  After  this  plasma 
occupies  ail  gap,  the  main  potential  drop 
being  near  cathode,  i^ear  cathode  the  Vir- 
tual cathode  is  created.  it  régulâtes  the 
discharge  cui'rent  magnitude  at  whole 
breakdown  stage.  Plasma  création  is  accom- 
panied  with  its  expansion  from  the  gap 
because  of  ambipolar  diffusion.  It  changes 
the  radial  line  intensities  distributions. 
Probe  characteristics  had  only  électron 
branch  at  delay  stage  (this  branch  corre- 
sponds to  électron  beam  with  cathode  tem- 
pérature) .  At  breakdo?m.  stage  probe  cha- 
racteristics have  usual  plasma  form 
(Fig.2a) . 

V/hen  the  plasma  with  slow  électron 
concentration    l^e^f^Seom  created, the 

excitation  and  ionization  mechanisms 
change.  It  breaks  the  linear  dependence  of 
spectral  lines  intensity  near  anode  upon 
discharge  current  (Fig.3).  The  ratio  of 
various  levels  population  changes  also. 
The  change  of  ionization  mechanism  is  ac- 
companied  by  fast  increase  of  plasma  con- 
centration from  values  lo"c/ri\^\z.2h)  . 
It  is  connected  with  sbrong  plasma  heating 
that  occurs  at  plasma  création  moment 
(Fig.2b).  The  beam  relaxation  by  interac- 
tion with  plasma  oscillations  may  be  one 
of  possible  mechanisms  of  such  heating,. 
the  significant  part  of  beam  energy  being 
transfered  to  slow  plasma  électrons.  J-e 
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diminution  during  the  concentration  grow- 
th  may  be  connected  with  Coulomb  relaxa- 
tion or  with  cumulative  ionization  in- 
crease  and  corresponding  growth  of  energy 
losses . 

At  the  end  of  breakdown  stage  the  ion 
concentration  increases.  Ions  compensate 
the  électron  émission  charge  and  virtual 
cathode  disappears.  The  next  current  gro- 
wth  is  relatively  slow.  It  is  connected 
with  plasma  concentration  growth  and  with 
corresponding  increase  of  Shottky  effect. 
The  degree  of  ionization  growth  is  so 
strong  that  électron  pressure  becomes  of 
the  order  of  gas  pressure  out  from  the 
gap.  Therefore  the  neutral  atom  concent- 
ration in  the  gap  begins  to  diminish. 
Firstly  it  leads  to  variation  of  radial 
spectral  line  intensities  (minimum  of  in- 
tensity  occurs  in  center  -  see  Pig.Ib, 
curves  4,5)  and  secondly  -  to  diminution 
of  plasma  concentration  and  discharge 
current. 

Thus  the  last  stage  is  connected  main- 
ly  with  atom  and  ion  balance  establish- 
ment. The  duration  of  this  stage  corre- 
lates  well  with  ion  diffusion  (or  tran- 
sit) time  along  the  gap  radius. 
/I/.  C. J.Mullin.  Phys.  Rev.  20,401(1946). 
/2/.  W.B.Kaplan,  A.M.Martsinovskiy , 

B.I.Tsirkel,  V.G.Yuriev.  Proc.  of 
the  IX- th  Int.  Conf.  on  Phenomena  in 
lonized  Gases.  p. 199  (Bucharest, 
1969). 

/3/.  V.I.Babanin,  V.B.Kaplan,  A.M.Mart- 
sinovskiy, A.Ya.Ender.  Journ.Techn. 
Phys.  47,  1467  (1977). 
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THEORY  OF  LOW-VOLTAGE  ARC  IN  NOBLE  GAS 
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The  most  préférable  ionization  mecha- 
nism  for  low-voltage  arc  (LVA)  is  tiie  step 
ionization  by  Alaxwellian  tail  of  électron 
distribution  function.  This  luechanism  pro- 
vides low  emitter  voltage  drop  <ff/^ 
(  £^    is  the  excitation  energy  of  the  low- 
est  metastablc  level).  The  mechanism  of 
noble  gas  ionization  was  analyzed  in  /l/. 
The  theoretical  analysis  included  step  and 
associative  ionization  and  the  reverse  pro- 
cesses of  three  particle  and  dissociative 
recombination.  The  conversion  of  atomic 
ions  into  molecular  ones  and  molecular  ions 
dissociation  were  also  taken  into  account, 
It  was  shown  that  LVA  plasma  must  consist 
mainly  of  atomic  ions.  The  small  concentra- 
tion of  molecular  ions  Jiay  be  calculated 
from  the  condition  of  ionization  equlibri- 
um.  that  established  because  of  large  value 
of  dissociative  recombination  coefficient, 
The  conversion  of  atomic  ions  into  molecu- 
lar ions,  that  is  essential  at  large  pL  va- 
lue (  p   is  a  pressure,     i    xs  a  gap),  may 
strongly  diminish  ûhe  concentration  of  ato- 
mic ions  and  consequently  the  whole  plasma 
concentration* 

The  LVA  plasma  parameters  were  calcula- 
ted from  the  following  set  of  équations 


and  fî^^  are  électron  and  atoiuic  ion 
concentration  (      ^-^^^a#»  )  and 

y.    £ire  électron  and  atomic  ion  fluies, 

^  ^J.ssJ       {  is  the  arc  current)  . 

/)/  and     /"are  atom  concentration  and  tem- 
pérature {/l^sp/xT),        and    Jj^    are  élect- 
ron potential  and  température.  ^T^^'^'andcÇ 
are  thermodiffusion  xatio  and  électron 
thermoconductivity .  and    2/^^   are  élect- 

ron mobilities  in  gas  and  fully  ionized 
plasma.    36^    is  gas  thermoconductivity. 

and  coefficients  of  ioniza- 

tion, recombination  and  conversion.  is 
ionization  energy.  4  ,     S    ,aS  are 

électron  energy  losses  because  of  radiati- 
on,  electron-ion  anu  electron-atom  colli- 
sions. The  molecular  ion  dissociation  is 
ignored  in  (5)  because  of  itj small  rôle  in 
atomic  ion  balance,  ■<  e  utilized  ^ 
N^)  value  accordinii  to  /l/  (it  must  be  no- 
ticeu  that  escape  oi  radiation  and  non-iaax- 
wellian  part  of  /ast  électron  distribu- 
tion function  are  essential  for  value 
calculation) , 

iiquation  (l)-(5)  were  solved  numerical- 
ly  with  corr esponding  bounaary  conditions 
at  the  plasma-electrode  sheathes  /2/,  The 
kinetic  reflection  coefficients  /3/near 
emitter  sheath  and  strong  anisotropic  com- 
ponent  of  électron  distribution  lunction 
near  collecter  sheath  /4/  were  taken  into 
account,  Ilesults  of  caicnlation  are  shown 
at  Fig.l-i.  The  plasma  parameter  values  in 
the  gap  are  Uepicted  at  Fig.l,  'c  ^ 

and    J       are  the  emitter  and  collecter 
température,   arc  voltage  drop  and  émission 
current:    jr      and   j      are  the  emitter  and 
collector  sheath  voltage  drops),  uontinu- 
ous  lines  correspond  to   Z  ~  0,5  mm,dotted 
Unes  -  to    L    ~  1  luu*         main  feature  of 
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plasma  parameter  distributions  is  strong 
fl^    variation  across  the  gap  because  of 
small    ^//,     value  (    ^     is  ion  laean  free 
path).  The  distributions  of  atomic  xon  ra- 
te of  generatioii   /T^    ,  associative  loniza- 
tion  rate  ,  dlssociative  recombination 

rate         —  ài^  lli^fl^    ,  conversion  rate 

fl/m  =  '^A/m  /2,a  Ki,   ^^^J^^^^  molecular 
ion  dissociation    'mj^^^  l^tn/fi^im  i^o  are 
sbown  at  Fig,2  (  o{^-  is  a  dissociative 
recombination  <>oef f icieut ,  f(m/a.        ^  mole- 
cular ion  dissociation  rate).  ïhe  molecu- 
lar to  atomic  ion  concentration  ratio/?_/7 
and  radiation  power  density   frj^j^  are  also 
shown.  As  il  was  mentioned  previously,  the 
molecular  ion  concentration  is  calculated 
from  ionization  equilibrium  condit  ion  V- 
^        ^  ^l,     ^»/4,      may  be  noticed  that 
»v30î*>  of  genorated  atomic  ions  are  lost  be- 
cause of  atomic  oo  molecular  ion  conversi- 
on. Significant  rôle  of  conversion  is  due 
to  uigia  noble  gas  pressure  and  to  relative- 
ly  small  molecular  ion  dissociation  rate, 
At  Fig.3  the  population  of  low  exclted 
levels  are  saown  in  nondimensional  unit  s 

vi  =  NJil^o  *  e  ^'^'^')         (  and 

are  statistical  iveit,ats  of  ground  and  ejcci- 
ted  levels,    £^   is  excitation  energy,  ^ 
is  excited  level  population,   index  K  cor- 
responds to  atom  levels  according  to  its 
energi'  enhancement :   K  =  0,1,2,3,4;  5 
~  'z*'!*  >       ^'^''^^^  •  Continuous  lincs  cor- 
respond X.0  l_    =  0.5  mm,  dotted  line»  -  to 
L~  1  mm,  increase  of    i^     near  collector 
is  due  to  excited  states  overpopulation  be- 
cause of  uissociative  recombination  of  mo- 
lecular ions,  tùat  are  created  near  collec- 
tor, 

1,  F.G.Baksht,  V.li.lvanov.  Journal  of  the 
Technical  Phys.(JTP)  48,  688  (1978). 

2,  ïhermionic  Converters  and  Low-ïemperatu- 
re  Plasma,  ed  by  B.ïa.iioyzhes  and  G,E, 
Pliais  (English  Edition  by  i..u.Uan8en. 
Techn.lnf.c enter/  U  ,S  .Department  of 
Jinergy  (1978)), 

3,  F,G,Baksht,   V,G,lvanov,  JTP  40,2l8(l970) 

4,  F,G,Baksht,  V,G,ivanov,  B,Ya,ikioyzhes . 
JTP  42,  921  (1972)  , 
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THEORY  CF  HOLLOW  CATHODE  IN  ATMOSPHERIC  ARC  IN  NOBLE  CAS 


F.G.  Baksht,  A.B.  Rybakov. 

A.E.  loffe  Physiaal  Teahnical  Institute,  Aac 


I  of  Saienaes  of  the  U.S.S.R.,  Leningrad  K.21  U.S.S.R. 


1.  The  hollow  arc  discliarge  in  cylindrical 
hollow  cathode  (HC)  uith  slithtly  ionized 
noble  gas  plasma  is  oonsidered  theoretical- 
ly,  Tlie  approach,  that  was  used  in/l-3/ » 
Is  utilized  below.  The  following  unequali- 
ties  are  supposed  to  be  valid:       «  £/ « 
«  L-  «  R^<Lo^    U         ^  Langmuir  sheath  di- 
mension, is  an  ion  mean  free  path,  Li 
is  an  aonization  length,   H  "   0,1  cm  is  a 
HC  radius,  is  a  length  of  HC  plasma 
column  -  see  Fig.l).  Ttie  main  potentiel 
and  concentration  variation  along  the  HC 
radius  is  localized  in  compar atively  nar- 
row  pre-electrode  layers,  which  dimensions 
are    /      aM     .   .  In  the  other  part  of 
plasma  column  the  ionization  equilibrium 
establishes.  In  this  part  of  plasma  column 
plasma  parameters  are  supposed  to  be  inde- 
pendent  on  radius   Z   •  Numerical  calcula- 
tions  were  perf ormed  for  Xe  plasma  at 
pessures   />  ^  (0.3-1)  atm.,   R   =0.15  cm, 
"JT  »  0.1  eV  (    ^    is  cathode  wall  tempéra- 
ture) .  Results  of  colculations  are  depict- 
ed  at  Fiê.2-4  for  P   =1  atm. 
2,  Plasma  in  the  cavity  is  discribed  by 
following  set  of  équations: 

P^N^kT  0) 
§-2,lij^--2»R(i-jAl 

is  an^^ectron  température,   fi  and 
are  plasma^'neutral  atom  concentrations:,  fl 
la  calculated  by  Saha  équation  at  électron 


température  .  1  is  a  whole  electric  cur- 
rent.  is  an  émission  current  from  cavi- 

ty wall.   /    awl  are  électron  and  ion 

currents  from  plasma  to  wall.^=^^^" 
■\l8K%l7rm,expH^/Kr,l  4^  24,  are 
électron  diffusion  coefficient,  mobility 
and  thermodiffusion  ratio.  Potentiel  f  is 
counted/îtf/„  the  cavxty  wall.         is  an  éle- 
ctron power  density  losses,   that  consist 
of  radiation  losses  in  spectral  lines  and 
continuum  aol  energy  losses  because  of 
electron-ion   ^  ,  ,  and  electron-at'om 
collisions. 

3,  i'he  ;^aha  équation  becomes  unvalid  for 
plasma  concentration  détermination  at  low 

7   and  a    ,  when  the  conversion  rate  ol 
atomic  ions  into  molecular  ones  is  compa- 
rable with  or  larger  than  the  rate  of  three 
particle  collisional  recombination.  The 
high  rate  of  molecular  ion  recombination 
causes  the  depletion  of  whole  plasma  con- 
centration n    .  It  is  noticeble  that  plas- 
ma remains  in  ihe  ionization  equilibrium, 
i.e.  the  whole  rate  of  atomic  and  molecu- 
lar ion  création  is  equal  to  the  whole  ra- 
te of  atomic  and  molecular  ion  recombina- 
tion /4/.  At  Fig.2  degree  of  ionization^ 
and  Saha  degree  of  ionization  are 
shown  as  lunctions  of   ^   .  it  is  évident 
that  Sharp  depletion  of  plasma  concentra- 
tion takes  place  in  very  narrow  interval 
of    7^     variation.  ïherefore  the  critical 
électron  température  value    T^g     may  be  de- 
fined.  The  degree  of  ionization  may  be  suf- 
ficiently  large  lor  practical  applications 
only  if    1^  >7îo    •        regarded  the  point 
Z=  0,  where       7J     "  l^o  ' 
plasma  column  boundary» 

4,  The  pre-electrode  ionization  layer  (fi- 
-Z^l,)  must  be  considered  separately  for 

J.  détermination.  This  layer  is  discrib- 
ed 'by  the  équations  that  take  into  account 
atomic  ion  génération,   their  diffusion  and 


C7-  342 


conversion  into  molecular  ones.  The  mole- 
cular  ions  are  discribed  by  «lie  lonization 
eqailibrium  équations.  Tlieir  concentration 
is  siiiall  because  of  large  recoiiibination  co~ 
efficient  value.  Results  of  calculation 
are  shown  at  Fig.5.  ^"^J^jJ^J.  j.^   is  tke 
atomic  ion  uurrent  value,  calculated  with- 
out  conversion)     /l^  (o)  is  plascia  concen- 
tration at  the  boundary  betv.een  tiie  Lanj^uu- 
ir  sheatii  end  ionization  siieatli .  /l  -plas- 
ma concentration  at  tLe  bounuary  of  tiie 
plasma  column,  uiiere  ionization  equilibri- 
um  exista,   /l   -  coïncides  ivith  Saiia  concen- 
tration at  sufficiently  Uigli  7^  (  JÎ 
and            are  calculated  at  atoiu  teaiperatur 
re   7  =    7;  ). 

5.  AtOia  and  ion  teuiperature  T  an  the 
plasma  column  v;as  found  froui  Leat  balance 
etjuation; 

with  boundary  conditions 

0,  The  set  of  équations  v/ere  mtCt^rated 
iiuuerically  troui    Z    =0,  wliere  = 
=  O.  The  t;:ira  boundary  condition  along  ^ 
aiiis  was  lormulated  at  i.he  exit  of  the  ca- 
vity:y^y^_2^  0,  according  to  expérimental 
situation /5,*6/ .  At  flgA  the  calculated 
distributions  of     "JT       t  .  f    t    J  .  ra- 
dial current  ^omponents  (j    >  J     ,   (/•  are 
shown  at  VTiiole^  voltage  drop   JP^4j=  6.2  V 
(  /)  =  1  atm,        =  10  Vcm^,       =  o,15  cm)  . 

1.  F.G.Baksht,  j\  ,ij .Hybakov.  "Arc  theory 
for  a  hollow  cathode  discharge  in  a 
fully  ionized  dense  plasma"  XIII  Int , 
Conf,  on  Phenomena  in  Ionized  Gases 
p. .319-320  (Berlin,  1977). 

2.  F.G.Baksht,  A  ,13  .lîybakov .  Journal  of  the 
Technical  Phys  (JTP)  48,  234  (1978). 

3.  F.G.Baksht, A. B.Iîybakov. JTP  48,700(1978) 

4.  F.  G.Baitsht,  V.G.ivanov  "Theory  of  Low- 
Voltage  Arc  in  Noble  Gas"  (report  at 
présent  conférence);  JTP  48,  688  (1978) 

.  G.A.Djuzhev,  N jaitrof anov,  iS.A.Start- 
sev,  ii.iù.Shkolnik,  V.G.Yuriev  "Expéri- 
mental Study  of  Arc  Hollow  Cathode" 
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1  -  cathode,  2  -  hangmuir  sheath, 
i  -  plasma  uoluain. 
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PECULIARITIES  OF  PULSED  NON-SELF-SUSTAINED  DISCHARGES  IN  MIXTURES  CONTAINING  CO 


K.S.  Klopovsky,  G.B.  Lopantseva,  A.F.  Pal,  I.G.  Persiantsev  and  A.N.  Starostin. 

Institute  of  Nuclear  Physios,  Mosaou  State  University ,  117234,  Mosoow  U.S.S.R. 


We  have  studied  pulsed  non-self-smstai- 
ned  discharges  controlled  by  the  électron 
beam  with  the  energy  ~100  keV  and  a  curre- 
nt  j|j'v300  mkA  in  gaseoue  mixtures  contai- 
ning  CO  with  Kg.Ar  and  He.The  gas  was  pum- 
ped  through  a  quartz  discharge  chamber  at 
a  rate  of  1  m/sec. The  électrode  area  was 
1x1  cm^jWith  distance  L=1  cm. 

It  has  been  found  that  at  small  energy 
inputs  the  discharge  current  j  in  the  mix- 
tures behaves  similarly  to  the  current  in 
pure  Ng.As  the  energy  input  increased, the 
behaviour  of  J(t)  altered  and  one  could  ob 
serve  a  fall-off  of  the  curve.followed  by 
instability  (fig.l).As  ^he       was  further 
enhanced,the  discharge  turned  into  an  arc 
without  the  stage  of  J  fall-off .Such  a  de- 
pendence  of  J(t)  was  observed  for  ail  stu- 
died mixtures, Ho  such  behaviour  was  obser- 
ved in  pure  Kg  and  in  Ng  -  He  mixtures. 

1  -         70  mcA 

2  -  160  mcA 

3  -  0^=  250  mcA 
Mixture 

10%  CO  +  90% 


Pig.1 


Fig.2  shows  the  dependence  of  W=Jjjj^^. 
on  the  time  of  reaching  the  maximum  . 

The  nonmonotonic  behaviour  of  the  J(t) 


CO 


V 

\ 


Mixture 

3%C0  + 

5%C0  + 

5%C0  + 
10%C0  +  Hé 
10%C0  +  He 
10%C0  +  Ar 


Fig.2 


0      ^  ^t,10"^sec 
may  be  associated  with  a  change  in  the  ra 
tes  of  elementary  processes  during  the 
discharge.lt  is  well  knoun  that  the  disso 
ciative  attachment  (d.a.)  to  gas  molequ- 
les  and  the  dissociative  recombination 
(d.r.)  with  molecular  ions  proceeding  via 
the  formation  of  an  autoionizing  state 
have  a  résonance  character.The  cross-sec- 
tion for  the  above  processes  are  strongly 
dépendent  upon  the  vibrational  number. 

It  may  be  shown  that  as  the  energy  in- 
put increases,  the  d.a,  coefficient  also 
increases,  both  due  to  électron  heating 
caused  by  impact  of  the  second  kind  with 
vibrationally  excited  molécules  emd  the 
increas  in  the  d.a.  cross  sections  with 
the  increasing  vibrational  number  [l,2]. 
However,  because  of  the  strong  associativ 
detachment  from  00:  0"+  C0~C0  +  e  (k^ 
~  4.10"^°cm-^/8ec)  1     the  discharge  current 
nonmonotonousness  can  not  be  associated 
with  the  dependence  of  the  k^^^^upon  T^ 

whose  value  does  not  exceed  1 0"^ ^cm-^sec"^ 
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[3J  .  In  our  expérimental  conditions, at  su- 

fficiently  high  energy  inputs  the  main  por 

tion  of  energy  is  transferred  to  the  vib- 

rational  degrees  of  freedom  of  the  molecul 

(the  translational  température  of  plasma 

particles  is  an  order  of  magnitude  lower 

than  the  vibrational  one  T^).The  main  cha- 
nnels  of  formation  of  00"*"  ions  on  the  buf- 

fer-gas  particles  are  as  follows: 

CO  +  eu-^CO"^  +  2e,  CO  +  M"*"        coV  M 
b 

The  location  of  the  adiabatic  terms  CO 
iX^f*')  and  CO+CX^^"^)  are  such  [4]    that  the 
transitions  from  the  upper  vibrational  le- 
vels  of  CO  to  the  upper  one  of  00"*"  occur 
in  the  région  allowed  by  the  Prank-Condone 
principle.Therefore,CO"''  ions  are  formed  in 
vibrationally  excited  states  and  their 
may  be  high. Estimâtes  show  that  during  the 
recombination  time  '^lo'^sec        of  CO"*"  ions 
do  not  relax  to  the  gas  température. In  the 
se  conditions  the  form  of  the  distribution 
function  for  vibrational  states  of  ions 
and  the  magnitude  of       are  found  to  be  es 
sential  for  the  d.r.process  [5]  .Assuming 
that  the  CO'*'  is  formed  in  a  vibrational 
stateV    due  to  the  ionization  of  CO  by  the 
électrons  of  the  beam  (with  the  density  n^ 
and  that  the  loss-channel  is  associated 
with  the  d.r.,we  find  that  the  population 
of  the  State      of  CO'*'  ion  is  given  by 

A/+=  ZI^v  =./7e  '^^^^'^ 
Here  6" ^^.^  tiie  cross  section  for  the  ioni- 
zation of  CO,  Y  the  relative  collision  ve- 
locity,  sSv(T^)  the  Prank-Condone  factor 
averaged  over  the  vibrational  distribution 
of  CO,ng  the  électron  density  in  the  disc- 
harge. The  équation  for  the  électron  balan- 
ce in  the  discharge  has  the  form: 


where  Nj^  is  the  gas  density,^  the  coeffi- , 
cient  of  d.r.  of  the  ion  in  the  state  . 
The  total         .^^  =  j;^^^.To  obtain  a  qu-  . 
alitative  dependence  o^^^  ^    on  the  deg-  '■ 
ree  of  vibrational  excitation  of  CO"*",  we 
use  a  known  cross  section  for  d.r.  and  as- ;i 
sume  that  the  distribution  of  ions  over 
vibrational  levels  is  the  Boltzman  distri-  ! 
bution  with  the  température  T^.If  the  cap-  ', 
ture  of  an  électron  by  an  ion  results  in 
the  formation  of  only  one  répulsive  auto-  • 
ionizing  state  ^ 

y/herefujj^  T■^<.^^,f^^J  ie  the  vibrational  qu-  i 
antum  of  the  ion,Tç  is  the  électron  tempe- 
rature,  A  is  coefficient  associated  with 
the  répulsive  term  parameters.The  quasi- 
eteady^^^r<52,^y;>^/  (4) 
Prom  (3)  and"  (4)  it  foliows  tha^t  as  tJ  in- 
creases  the  n^  decreases.Thus,the  typical 
behaviour  ^  shown  in  fig.1  may  be  qualita- 
tively  explained  by  the  dependence  of 
on  the  energy  input  to  the  discharge. 

The  above  considérations  have  a  model 
character,because  we  considered  only  CO"*", 
At  p  1  atm  it  is  necessary  to  take  into 
account  the  conversion  of  simple  ions  by 

triple  collisions, e. g.  ,C0'*'+2C0-*<;202"*"^°* 
Yet,a  dependence  ^el,f^  on  energy  input  will 

be  observed  in  this  case  as  well. 
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ON  THE  PECULIARITIES  OF  PASSAGE  OF  A  LOW-CURRENT  ELECTRON  BEAM  THROUGH  CASES 
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In  studying  the  non-self-sustained  dis- 
charge controlled  by  an  électron  beam  the 
current  of  pulsed  beam  is  measured  by  me- 
ans  of  a  Rogovsky  coil  or  an  électron  col- 
lecter,which  collects  the  beam  passed  thro 
ugh  the  evacuated  discharge  chamDer  (e.g., 
in  [l]  both  méthode  yielded  identical  rés- 
ulta). Steady-state  beams  are  measured  on- 
ly  with  the  use  of  the  collector. 

In  our  expérimenta  carried  out  on  an 
installation  similar  to  that  described  in 
[2] ,  the  1x1  cm^  anode  of  the  discharge 
chamber,which  was  grounded  throtigh  a  resis 
tance  Rn,served  as  the  électron  collector, 
The  beam  was  injected  into  the  chamber 
through  a  graunded  grid  that  served  as  the 
diecharge-chamber  cathode. The  distance  bet 
ween  the  électrodes  was  L=1  cm. The  électr- 
on gun  was  feeded  by  variable  voltage  (fig 
1 josc.l ) .Oscillogram  2  of  fig.1  represents 
the  collector  potential  with  respect  to 
the  grid,  which  is  proportional  to  the  cu- 
rrent through  the  discharge  gap  filled 

0      2     4      6      8  iÛMsec 


with  the  1-atm.  air.  The  same  oscillograms 
have  been  obtained  in  C02  or  a  vacuum-10"^ 
Torr.  As  the  beam  passed  through  the  cham- 
ber filled  with  Ar  at  the  same  current  and 
voltage  of  the  gun,  oscillogram  3  of  fig.1 
has  been  obtained.  It  is  seen  that  at  a 
low  energy  of  the  beam  électrons  the  coll- 
ector potential  becomes  positive,  which 
may  be  associated  with  the  passage,  throu- 
gh the  discharge  gap,  of  a  current  whose 
direction  is  opposite  to  that  of  the  élec- 
tron beam.  By  decreasing  the  gun  voltage 
one  can  obtain  a  positive  collector  poten- 
tial at  a  maximum  beam  energy,  i.e,,a  ful- 
ly  "reversed"  current.  Analogous  résulta 
have  been  obtained  when  the  beam  passed 
through  the  nitrogen.  The  potential  which 
appears  on  the  collector  grounted  through 
the  Rm  and  which  is  positive  relative  to 
the  grounded  grid  potential  may  be  expla- 
ined  by  the  présence  of  electric  fields 
near  the  électrodes. Thèse  fields  and  the 
corresponding  near-electrode  potential 
jumps  arise  due  to  the  redistribution  of 
charges  produced  by  the  beam  in  accordance 
with  the  boiindary  conditions  necessary  for 
the  passage  of  current  (see  fig. 2  showing 
schematic  E-field  distributions, concentra- 
tion of  électrons  He  and  ions  Hl  (dashed 
curve)  and  also  indicating  the  directions 
ofthe  ion  current  and  those  of  the  elect- 
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ron-current  components  in  the  various  ré- 
gions). Ri 

ne 


Pig.2 


■m  -  - 

We  now  turn  to  the  qualitative  considé- 
ration of  the  observed  phenomena.  The  ini- 
tial set  of  équations  has  the  form: 

Here  Wg=-kgE  is  the  électron  drift  velo- 
city,  W^=k^E-the  ion  drift  velocity,  D^- 
the  longitudial  électron-diffusion  coeffi- 
cient, q-the  rate  of  génération  of  secon- 
dary  électrons  by  the  fast  électrons  of 
the  beam.  Prom  the  set  (1): 

where  J  is  the  current  density  in  the  dis- 
charge  chamber.  Let  us  divide  the  dischai?- 
ge-chamber  volume  into  three  régions  (fig. 
2):1,The  interval  Sk^IO'^ciii  near  the  grid 
surface-the  "cathode  région".  2. The  "posi- 
tive column",  which  occupies  the  main  por- 
tion of  the  discharge-chamber  volume. 
3. The  "anode  region"-the  interval5^A'^10~^ 
cm  near  collecter. 

Let  us  consider  the  experimentally  ob- 
served case  of  the  "reverse"  current  pas- 
sing  from  "cathode"  to  "anode".  Let  us  ex- 
amine the  "positive  column"  région,  From 
(2)  it  follows:  l(y)=  j/P-g^^ 
Cene  f  KL  m 
Neglecting  k.n.  ,  we  have:      ^  /  n\ 


ecxing  k.n.,  we  have:      ^  /  o\ 


In  couBidering  th«  anode  région  we  int- 

roduce  the  approximate  boundary  conditions 
(cf .  ,cathode-layer  theory  [3]) 

n,-0,idL-S>)-O,£(L-Lho,  ji(L).j  (4) 

Prom  thj  set  (D.talting  aocount  of  (4)  we 

Prom  the  conditions  at  the  boundary  of  the 
"positive  column"  région,  we  get 

Substituting  the  obtained  voltage-drop 
into  the  set  for  external  electrical  cir- 
cuit,we  obtain  U=Uc^Uk'>-Ua=Î^H'j  j=l/s-jg(j) 
Here  S  is  the  électrode  area,      is  the 
fast  électron  current  density.  As  a  resuit 
we  pbtain  for  current  I  !  

Here  fa  is  the  rate  of  fonization  by  4ast 
électron  near  collector,  (^Z^^)^  m  the 
"positive  column"  and  (^i / /<fe) k  xr,  the  "ca- 
thode région" . 

For  Ar  under  p=1  atm,<f~70  keV  and//- 
50  mkA  we  have  ueing[l]  q=6.1o^^1/cm^sec, 

10^2^m-3,from  [4]  k^- 3. 1  oW/V. sec, 
D;L/kg=0,2  eV  and  1=1?  mkA  is  opposite  to 
beam  current. For  air  ng-10^°cm-3,k  0,7.10^ 
cm  /V.sec  and  I-jéS<0  is  equal  to%he  be- 
am current. 
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Department  of  Chemïstry,  Moscow  State  University  U.S. S. H. 


are  given  in  Figure  1 . 


Using  numerical  simulation  there  have 
3een  studied  physico-chemical  processes 
iuring  ozone  synthesis  in  silent  electric 
iischarge.Due  to  the  fact  that  ozone  syn- 
thesis in  question  takes  place  in  dis  - 
îrete  short-lived  discharges  between  di- 
slectric  plates,  so-called  microdischarges, 
bhe  spaciail  attention  has  been  paid  to 
bhe  study  of  the  spatial-temporal  distri- 
bution of  microdischarge  channel  parame- 
bers, 

Taking  into  account  the  cylinder  sym- 

netry  of  microdischarge  cheuinels,  in  ear- 

Lier  studiesCl-S  )    have  been  studied  the 

+ 

spatial-temporal  distributions  of  O^tO^  , 
D2""»  0,  0^~,  0^  and  électron  concentra- 
tions, on  the  tension  of  electric  field 
and  the  potentials  of  ozonazer  électrodes. 

The  computation  of  électron  avalanche 
dynamics  in  microdischarge  channels,  as 
well  as  that  of  the  dynamics  and  kinetics 
of  the  microdischarge  channel  constituents 
was  made  for  the  room  température,  taking 
into  account  the  volume  charge  of  the  ava- 
lanche and  the  changes  of  anode  potentials 
vàth  time,  but  neglecting  the  photoioniza- 
tion  volume. The  kinetic  computation  was 
performed  for  the  model  of  24  chemical  re- 
actions (1). 

The  values,  obtained  for  the  time  depen- 
dence  of  total  number  of  partiales  in  the 
channel  at  zéro  initial  ozone  concentration    the  corrélation  of  kinetic  eind  electric  pa- 


Figure  1 . 

The  studies  of  microdischarge  channel 
kinetics  permitted  to  évaluât e  the  impor- 
tance of  separate  reactions  at  every  moment 
of  microdischarge  channel  existence.  At 
the  beginning  of  the  process  (4-5  nsec) 
the  reactions  of  électrons  with  oxygen  mo- 
lécules predominate.  After  the  électron 
avalanche  reaches  anode,  in  the  microdis- 
charge channel  the  reactions  of  négative 
ions  take  place  and  nearly  ail  ozone  is 
produced  in  thèse  reactions,  in  14  nsec. 
But  beginning  from  3Ô  nsec  the  reactions 
of  neutral  species  become  most  important. 
97%  of  ozone,  synthesised  in  microdischpT-- 
f^e  channel  are  produced  in  thèse  reactions, 
lon-molecular  reactions  define  the  confi- 
guration and  pov:er  of  volume  channel  char- 
ge and  therefore  only  the  kinetic  computa- 
tions  of  both  ion-molecular  reactions  and 
neutral  species  reactions  permit  to  obtain 
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rameters  for  a  discrète  niicrodischarge . 

Using  the  corrélation,  obtained  for  a 
discrète  microdischarge ,  a  computation  bas 
been  made  for  ozone  synthesis  in  an  ozoni- 
zer  as  a  v/hole.  The  characteristic  feature 
of  the  kinetics  of  ozone  synthesis  in  ozo- 
nizer  is  the  existence  of  the  stationary 
concentration  due  to  the  ozone  décomposi- 
tion réactions.  The  detailed  study  of  the 
problem  made  it  necessary  to  consider  the 
réactions  of  excited  species: 

1.  0(''d)  +  O2  -  O2  +  0(3p) 

2.  û(''d)  +  0^  -  O2  +  20(^P) 
3.0(^0)     +0^-02  +  02 

4.  0*        +  0^  -  O('^D)  +  2O2 

5.0*        +  O2  -* 
Taking  account  of  thèse  reactions,  the 
change  of  the  total  amount  of  the  constitu- 
ants in  microdischarge  channels  at  the  ini- 
tial ozone  concentration  of  several  volume 
percent  in  as  follows: 


•  ^      _    io_  ,  nwc  _ 

— « — 1  1  r    1  1  1  1 1 

100  HMC                  /  j 

Fugure  2. 

The  kinetics  for  électrons  and  ions  does 
not  differ  in  this  case  from  the  kinetics 
for  0-.(0).=  0. 


The  computation  performed  permitted  to 
obtain  the  dependencies  of  ozone  concent- 
.ation  change  by  a  discrète  microdischarge 


on  the  clectric  parameters  of  the  latter. 
The  analysis  of  this  dependence  has  shov-oi 
that  the  final  parameters  of  a  discrète 
microdischarge  dépend  not  on  the  pair  of 
parameters(  électrode  voltage  and  the  num- 
ber  of  emitted  électrons)  but  on  an  only 
parameter,  namely  the  pov/er  of  électron 
avalanche , that  is  on  thelargest  measured 
nuraber  of  électrons  in  an  avalanche,  or  a 
transferred  charge  connected  v.ith  it. 

The  computations  made  permitted  to  elu- 
cidate  sufficiently  the  kinetic  and  elect- 
ric  parameters  of  a  discrète  microdischar- 
ge.The  dependencies  of  the  ozone  concentrai, 
tion  change  by  a  discrète  microdischarge 
on  thè  value  of  transferred  charge  has 
been  found.  A  corrélation  v/as  also  found 
betvecn  the  magnitude  of  the  transferred 
charge  and  the  active  power  of  the  ozoni- 
zer. 
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Introduction 

It  bas  been  shown  in    [ll  that  the  possi- 
bilities  for  obtaining  plasma  flows  witù 
high  particle  consentration  by  means  of 
erosive  source  aro  limited.Such  sources 
when  used  for  technological  purposes,  for 
instance,  as  light  source  for  laser-pum- 
ping,  or  for  active  space  experiments  12 i 
are  required  to  provide  heavy  éléments 
dense  plasma  flows  (with  a  total  particle 
number  N^IO^O)        minimum  energy  input 
W  by  unity  of  massm.  To  realize  such  plas- 
ma flows,  we  hâve  chosen  a  source,  simi- 
lar  to  that  of    [3],  allowing  to  spend  a 
large  part  of  the  energy  input  to  increa- 
se  the  number  of  sharged  and  neutral  par- 
ticles,  . 
For  practical  use  of  such  sources,  it  is 
important  to  provide  an  effective  energy 
utilization  (the  energy  of  the  source  is 
limited  toWé20  joule)  and  to  obtain  a 
minimum  value  of  W/m   for  variated  exter- 
nal  parameters  of  the  source.  The  purpose 
of  the  présent  investigations  is  to  per- 
fect  the  source  of  impulse  plasma  jets 
with  controlled  parameters  for  an  optimal 
energy  utilisation. 
The  device  and  expérimental  method 
The  device  is  shown  on  Fig.1.  The  dielect- 
ric  chamber  1  is  made  of  C^r^    with  a  dis- 
charge  channel  of  diameter       and  lengthl^ 

The  anode  and  cathode  are  made  of  Cu. 
The  discharge  is  ignited  by  supplying  a 
high  voltage  to  the  gap  between  the  ca- 
thode and  an  intermediary  électrode  4 
from  a  spécial  igniting  source.  The  model 
was  setfcled  on  a  frame  6,  including  an 
electronic  measurer  of  displacement  and 
allowing  momentum  measurement  (see  calib- 
ration  scheme  on  Fig.1) .  The  optimal  va- 
lues ofW/jn  were  obtained  by  use  of  factor 
experiments  [4l. 

According  to  this  method,  several  séries 
of  experiments  were  provided  and  such  a 
combination  of  the  parameters  was  chosen 
that  W/m  was  minimum.  The  variating  fac- 
tors  were  (the  rsmges  of  variation  are 
shown  in  brackets): 

1.  The  discharge  chamber  length  1^  (10- 
-40  mm)  j 

2.  The  discharge  chamber  diameter  (2- 
10  mm) 

3.  The  initial  résistance  of  the  discharge 
circuit  R„    (0.5-20-10-2  ohm) 

4.  The  initial  inductance  of  the  discharge 
circuit  L„  (2-200-10"®  h) 

5.  The  bank  capacity  Co(4-60|iT) 


5.  The  initial  bank  voltage  Uo(0.5- 
2.5-103  v) 
R„  and  Lo  were  measured  by  a  "ringing 
circuit"  method  Co     by  means  of  a  measu- 
ring  bridge,  the  momerituœ  P  by  a  spécial 
momentum  measurer,  AlTl  the  errosive  mass 
by  weighting, M  the  number  of  discharges 
by  a  counter  of  light  flashes.  For  every 
model  1000  puises  were  prodided  at  a  fre- 
quency  of  0.5  tiz.  Experiments  were  achived 
in  a  vacuum  vessel  at  a  pressure  of  10  mm 
Hg.  Furthemore,  the  momentum  of  plasma 
flow  and  the  plasma  velocity  as  a  func- 
tion  of  time  were  measured  by  means  of  a 
pieso-probe  and  a  high-speed  caméra  res- 
pectively . 

The  accuracy  of  ail  the  measurement  lies 
in  the  range  2-15%. 

The  characteristics  of  the  plasma  flow 
with  optimal  parameters 

The  higher  described  method  yields  an  op- 
timal value  ofW  =3 .08  •  10"^  j/k$  for 
fn  =6.13'10-''k^.  It  has  been  shown  experi- 
mentally  that  do    and   i„    are  limited  to 
d»?^  2  mm  and  l»'?  28  mm  because  of  the  dif- 
ficulties  of  initiation  of  long  and  narrow 
dielectric  chambers.  The  analisis  of  the 
current  and  voltage  oscillogram  shows 
taht  during  HT  =3  mks,  95%  of  the  energy 
stocked  in  the  capacitor  bank       are  sup- 
plied  to  the  discharge,  this  fact  demonst- 
rating  the  high  efficiency  of  the  dis- 
charge circuit.  Thereby,  it  should  be  no- 
ted,  that  the  rate  of  energy  supply  essen- 
tially  dépends  on  the  discharge  channel 
diameter.  For  instance,  when  do  varies 
from  2  to  6  mm,  the  time  of  95%  energy 
supply  varies  from  6  to  1.5mi<^.This  has 
been  explained  as  the  resuit  of  the  incre- 
asing  of  Jla.dwhen  do  decreases    [  5  ]• 
The  high-speed  photography  investigation 
shows  that  the  plasma  flow  from  the  dielec- 
tric chamber  begins  at  T~2  mk8  and  ends 
at  ôOmks,  Fig.3  gives  the  time-dependence 
of  the  plasma  flow  velocity.  The  average 
mass-flow  velocity,  determined  from  momen- 
tum and  accelerated  mass  measurements  is 
1100  m/s,  i.e.  equal  to  the  flow  velocity 
atT=40mks.  Fig.3  shows  the  plasma  flow 
dinamics  (1-  discharge  current,  2  -  région 
of  charged  particles  flow,  3  -  région  of 
excited  and  neutral  particles  flow,  4  - 
région  of  neutral  particles  flow)  Fig.4 
and  5  show  the  dependency  of  Vy'm  on  the 
main  geometrical  parameters  of  the  dis- 
charge chamber  and  on  the  discharge  cir- 
cuit parameters. 
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Discussion 

We  hâve  optimizedW/m  by  a  factor  of  3,  as 
a  resuit  of  using  a  planned  factor  expe- 
riment.  In  distinction  from  analogous  ex- 
perinaents  on  metals  [  1  ]  when  N  has  been 
shown  to  be  limited  to  10^^-^  10      in  the 
présent  case  of  CzF,    ,N  has  been  increa- 
sed  up  toM^3-10%or  W^Sûj. 
Fig.3  and  4  together  with  the  high-speed 
photographies  and  the  current  and  vol- 
tage oscillograms  show  that  when  the  chan- 
nel  length  lo  decreases  the  ratio  W/m 
increases  due  to  increasing  of  the  exter- 
nal  currents  behind  the  anode  and  thus 
of  the  plasma  flow  velocity;  for  lJct>6 
the  variation  ofWinis  slow,  because  of 
the  increasing  of  Ract  and  consequently , 
of  the  decreasing  of  the  input  power. 
An  similar  behavior  is  observed  for  W/m 
as  a  f  unction  of  do',  at  large  diameters  of 
the  discharge  channel  we  have  large  ex- 
ternal  currents  and  at  small  diameters, 
the  increasing  ofRa.ct  decreases  the  rate 
of  energy  supply  to  dielectric  chamber. 
It  can  be  noted  thatW/m  weakly  dépends 
on   lo,C,    and  Uo  in  the  considered  range 
and  this  fact  demonstrates  that  the  plas- 
ma flow  is  essentially  gaso-dynamical . 
The  significant  decreasing  of  W/m  when  R. 
falls  can  be  explained  by  a  diminution  of 
the  energy  losses  in  the  discharge  cir- 
cuit. The  high  speed  photo  (Fig.2)  sho- 
wing  a  striped  structure  similar  to  that 
ofTIl  ,  demonstrates  the  discrète  cha- 
racter  of  mass  supply  to  the  discharge. 
This  phenomena  requires  further  investi- 
gations. 

The  présent  analysis  allows  to  recommend 
this  Kind  of  plasma  source  for  utilisa- 
tion when  plasma  clouds  with  a  total  par- 
ticle  number  of  ~102û  are  required. 
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Introduction.  In  our  previous  paper  [1] 
the  spatio-temporal  development  of  lumi- 
nosity  in  Trichel  puises    and  pre-onset 
streamers  of  D.C.  coronas  was  determined. 
The  measurements  were  carried  out  in  the 
point-to-plane  gap  in  laboratory  air.  In 
this    paper  we  are    going  to  report  about 
an  attempt  of  the  calculât  ion  of  the  main 
characteristics    of  the  corona  puises  on 
the  basis  of  luminosity  distribution  meas- 
urements [1]  .    Such  calculât  ions  for  gas 
discharge  in  nitrogen  in  the  homogeneous 
gap  were  made  for  the  f irst  time  by  Coran 
[2].    In  our  calculations  the  same  procé- 
dure was  used  for  the  air.    We  supposed 
only  two  processes  -  ionization,     and  at- 
tachaient -  are  active  within    the  volume 
élément  under  observation  and    that  the 
photomultiplier  current    is  a  linear 
function  of  light  intensity. 
So  we  were  able  to  evaluate  the  spatio- 
temporal  distribution  of  the  reduced  field 
strength  (E/p),  the  rate  of  change 
number  of  électrons  (dne/dt=dCn+  -  n-;/dt;, 
aad  the  line  density    of    électrons  CueJ. 
On  the  basis  of  the  curves  E/p(x)  a  rough 
approximation  of  the  spatio-temporal  dis- 
tribution of  the    charged  particles  con- 
centration (N+  -  N_  -  Ne)  was  made,  using 
the  one  dimensional  Poisson  équation. 
Trichel  puise.  The  calculated  field  dis- 
tribu-bion  differs  considerably    from  the 
Laplacian  one.  It  is  possible  to  discern 
two  stages  in  the  Trichel  puise  develop- 
ment (A  and  B,  Pig.  D-    During  stage  A 
the  formation  of  the  characteristic  visi- 
ble régions  of  the  dischacge  puise  -  the 
négative  glow,  Faraday» s  dark    space  and 
the  positive  column  -  takes  place.  At  the 
moment  t  =  2  ns  the  high  field  région  is 
concentrated  at  a  distance  of  x«i0.25  mm 
from  the  point.    In  this  région  the  rate 
of  change  in  the  number  of  électrons  and 
ions  has  a  maximum.  As  a  resuit,  the  pos- 
itive space  charge  maximum  moves  towards 
the  point.    This  process  stops  when  the 
space  charge  concentration  maximum  has 
shifted  to  X  ft;  0.05  mm.    During  stage  A 
attachment  is  not  active  and  the  réduc- 
tion in  field  strength  is  due  to  the  in- 
tensive génération  of  électrons  and  posi- 
tive ions.  During  stage  B,  dng/dt  reduces 
quickly  and  by  the  moment  t  =  20  ns  at- 
tachment becomes  dominant. 
A  streamer  develops  from    a  burst  puise 
when  the  number  of^  électrons  near  the 
point  exceeds  5-106.  In    this    case  the 
condition  of  plasma  existence  is  fulfilled 
near  the  point  électrode  tip.  By  the  mo- 
ment t  -  14*5  ns  counted  from  the  detect- 
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Fig.1.  Trichel  puise.  Spatio-temporal 
diitribution  of  the  E/p,  dne/dt,  ne  and 
(N+  -  N_  -  Np),the  parameters  expressing 
time  counted  from  the  beginning  of  the 
détectable  luminosity  level . 
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able  beginning  typical  distributions  of 
the  E/p,  doe/dt,  ng  and  (N+  -  N_  -  Ne) 
have  become  established    (Fig.  2).  The 
characteristic  régions  (I  -  V)    of  a 
streamer  have  been  indicated  for  the  mo- 
ment t  =  18  ns    (dotted  curves). 
In  région  I  avalanches  arise  due  to  photo- 
ionization.  Région  II  of  intensive  ioni- 
zation  has  a  considérable  spatial  extent 
L,  The  increasing  n©  compensâtes    the  po- 
sitive space  charge  and  produces    a  de- 
crease  in  E/p.  Supposing    the  streamer 
channel  diameter  is  50  um,    the  électron 
concentration  is  of  the  order  of  lO^^cm"-^, 
which  about  three  times  exceeds  the  order 
of  (N+  -  N_  -  Ne)  for  this  région.  Conse- 
quently,  the  discharge  channel    is  quasi- 
neutral.  In  région  III  a  decrease  in  field 
strength  produces  an  increase  of  attach- 
ment  and  hence  causes  a  decrease  in  dn^/dt. 
In  région  IV  the  électron  drift  causes  the 
accumulation  of  a  négative  space  charge. 
Between  the    positive  space  charge  near 
the  point  (région  V)    and  the  négative 
space  charge  the  electrical  field  strength 
enhances  and  therefore  dne/dt  and  ne  in- 
crease. 

The  results  obtained    for  the  pre-onset 
streamer  in  the  best  way  correspond  to  the 
model  of  the  streamer  developed  by  Phelps 
C33.  The  accuracy  of  calculations  signif- 
icantly  decreases  for  x>2  mm    because  of 
the  considérable  déviation  of  the  streamer 
branches  from  the  discharge  gap  axis.  In 
the  zone  near  the  point  the  distribution 
(N+  -  N_  -  Ne)  may  be  invalid  as  the  dis- 
charge diameter  changes  sharply, 
To  verify  the  validity  of    our  assumptions 
made  above,  the  carrent  of  a  Trichel  puise 
and  of  a  pre-onset  streamer  was  calculated 
in  two  différent  ways  (Fig.  3)    and  was 
compared  with  the  measured  current.  A  more 
detailed  analysis  of  this  work  is  given 
in  [4]. 
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Fig. 3.  Measured  (solld  curves)  and  calcu- 
lated (0  and  x)  current  puises    of  a 
Trichel  puise  (a)  and    of  a  pre-onset 
streamer  (b). 


Fig.  2.  Pre-onset  streamer.  Follow  the 
text  and  Fig.  1. 
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AN  ATTEMPT  TO  DESCRIBE  VOLTAGE-CURRENT  CHARACTERISTICS  OF  AN  ARC 
WHEN  UTIUZING  EQUATIONS  OF  MAGNETOHYDRODYNAMICS 

Cz.  Krolikowski,  A.  Kaminska-Pranke. 

Institute  of  Electroenergetia,  The  Technical  University  of  Poznaû,  Poland. 


The  process  of  obtaining  low-temperature 
plasma  by  heating  gas  flowing  through  an 
electric  arc  was  analysed  in  paper  IM  .  In 
the  of  the  fiylindrical  area  flow,  two  ré- 
gions can  be  assigned,  the  interior  région 
and  the  exterior  région,  separated  by  a  bo- 
undaiy  surface  with  radius  r(z)=  r^fFig.l). 
In  the  interior  région,  i.e .f  or  rfz) <     ,  gas 
conductance6>0,  whereas  tn  the  exterior  ré- 
gion for  r{z)>,r   ,  6  =  0.  In  the  paper,  the 


Pig.1. 


Pield  model  of 
flow 


interior  flow  is 
analysed,  conside- 
ring  the  problem 
of  arc  discharge 
subjected  to  free 
gas  flov/,  parallel 


to  the  arc  axis.  On  the  basis  of  équations 
of  magnetohydrodynamics,  the  voltage  on  the 
arc  has  been  determined,  according  to  the 
arc  current,  physical  properties  of  the  flo- 
wing gas  and  geometiy  of  the  channel.lt  has 
been  assumed  that  in  the  interior  of  the 
flow  the  following  assumptlons  are  valid: 

1.  Gas  flow  is  laminar,  Mach  number  is  much 
smaller  than  unity. 

2.  The  flow  is  axially  synmietric,  it  has  not 
a  circumf erential  component  of  speed,there- 
fore  it  has  no  flow  rotation  as  well. 

3.  The  radial  component  of  speed  is  much  sma- 
ller than  the  axial  component;  this  results 
in  uniform  pressure  in  the  plane  perpendicu- 
lar  to  the  axis  of  the  arc. 

4.  The  gas  is  In  thermodynamic  equilibrium. 

5.  Depenàence  of  thermodynamic  properties 
/except  gas  mass  density/  and  transport  pro- 


perties on  pressure  is  negligible, 

6. Axial  heat  transfer  and  radiation  energy 

is  small. 

Equations  of  rnagnetohydrodynamics,  presen- 
ted  below,  describe  processes  occurring  in 
the  interior  région  of  the  flow: 
Equation  of  flow  continuity 

div(?Û)=0  /V 
Equation  of  power 

p.  _lï  =pM  +  p(Tj  v)'ïr  =  -qradp  +  JxB  /2/ 
'    dt        ^  3t 

Equation  of  motion 

It  [?    ^  f ')]  .  diu  j^-A  grad  T  +  <?  û (h  .  f  )j=]  Ê  /  V 

Equation  of  perfect  gas  state 

P  =  fRgT  A/ 

Ohm' S  law 

j  =  6:E(z)  /5/ 

Maxwell 's  electroma^etic  équations 

m  161 


rot  H  =j  H-  ^ 
rotÊ=-§f  /7/ 
divD=  7  /8/ 
divB>0  /9/ 
When  analysing  the  above  équations,  after 
presenting  them  in  cylindrical  coordinates, 
from  the  point  of  view  of  assumptions  1-6, 
équation  of  power  (3)   can  be  written  in  the 


form 

In  équation  /10/,  the  coefficient  of  heat 
exchange  A  occurs;  it  is  unknown  for  high 
températures  of  the  arc.  On  the  basis  of 
performed  investigations  in  ^2  7,  it  has  be- 
en assumed  that  the  amount  of  theat,  car- 
ried  away  by  means  of  heat  conduction  from 
the  interior  région  to  the  exterior  région 
of  the  flow,  is  proportional  to  the  value 
of  arc  current,  the refore 


/10/ 
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"  i  /11/ 

v/here      k  -  prcportionality  constant 

L  -  arc  length. 
The  flov/  of  gas  through  the  cylindrical  cha- 
rnel tnkes  place  under  the  influence  betwe- 
en  pressure  on  the  inlet  to  channel  p^  and 
pressure  on  the  outlet  of  channel  p^.The  di- 
stribution of  pressure  along  the  channel, as 
investigations  have  shown  [31,  can  be  desc- 
ribed  by  équation 

Pfz)  =  Bz^  +  Cz  +  p^  /12/ 
v/here  B=(p^-,^/2^  ,  C=-2  (p^-pj /l^^ 

lyj^  chsnnel  length. 
'l'he  flowing  -as  heats  the  région  of  arc  di- 
scharge  and  after  passing  the  way  in  the 
arc  reaches  the  température  of  arc  T^..The 
coefficient  of  the  increase  in  température 
A  can  be  assumed  as  eoual  to  ("T^-T^j/l^ 
-  v/here        initial  température  of  being  he- 
ated  gas.  On  the  basis  of  the  équation  of 
magnetohydrodynaaics  in  form  /l/ 

'•■■'e   -.xate  that  the  mass  of  flo'.ving  gas  thro- 
ugh  the  RTC  colurm  d'iring  a  second  is  cons- 
tant, 77 To'  f  Vz    ----      =  const 
an..i  dépends  on  che   total  .-nass  of  gas  flo- 
'•■•ing  through  the  channel  in  the  follov/ing 
'.va:/      =  GsR^^^T    /Pp  /14/ 

^'  ? 
'■•h-re  s=  ïïr^  j     P=  TIR 

G*-  total  flo\7  of  gas  through  the  cha- 
nnel . 

On  the  basis  of  the  above  considérations, 
the  e'::uation  of  ;  ower  density  in  the  arc 
can  be  v;ritten  in  the  form 
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csn  be  determined  as  f'onction  of  teraperatu-. 
re,on  the  basis  of  investigated  curves  at 
différent  pressures. ^.rc  température  can 
be  expressed  as  voltage  and  arc  current  fu- 
nction  on  the  basis  of  the  approximate  cu- 
rves of  conduct.ance  6(1)  for  a  definite  ki- 
nd  of  gas,v/hereas  spécifie  heat  has  a  con- 
stant value  for  raonoatomic  gases  and  is  the 
knovm  f une tien  of  température  for  polyato- 
rnic  gases. On  utilizing  the  above  relations 
and  équation  /15/  over  the  arc  volume,  the 
équation  v/as  obtained  which  describes  vol- 
tage relation  on  the  arc  in  the  f unction  of 
arc  current  and  takes  into  account  ph^/sical 
proi)erties  of  gas,  as  wel],  as  the  geometiy 
of  the  dischcrge  chajinel.  j'or  arc  dischar- 
ge  in  nitrogen,the  équation  describing  vol- 
tage current  charactcristics  will  have  the 
forn  IS F-'G*27rU,'A  {<li  ifyi ^^drdz  J16l 

".'h--e    y  =  a  +  bzJ/rzr'-a 

a,  b,oC,  |3  -  constants  of  curves  appro- 
ximation and  P /T/' 

Equation  /l6/  has 

been  solved  analy-» 

tically  by  making 

calculations  for 

the  po'.ver  channel 

v/ith  a  radius  of 

4  mm  axLd  30  mm  long* 

The  results  of  ca- 

in  graphie  form  in 


i''ig.2 .  Voltage-current 
charac  teristics 


occurring  jn  équation  /^5/, 


Iculations  are  présente 
fig.2.and  compared  with  expérimental  data. 
On  comparing  the  measared  and  calculated  va- 
lues of  arc  voltage  v/ith  équation  /l6/,  it 
has  benn  stated  that  the  maximum  error  not 
exceed  -  6/J , 
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CHEMICAL  KINETICS  STUDY  OF  NflTROGEN  OXIDE  SYNTHESIS  IN  A  D.C.  PLASMA  JET  :  A  PROPOSED  MODEL 
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Laboratoire  de  Thermodynamique,   123,  rue  A.  Thomas  87060  Limoges  cédex,  France. 


INTRODUCTION.  The  expérimental  study  of  nitrogen 
oxide  synthesis  in  a  D.C.  ni trogen-oxygen  plasma  jet 
shows  that  the  final  products,  after  quenching,  have 
a  concentration  higher  than  the  maximum  predicted 
by  equilibrium  calculations  at  the  same  pressure 
/!/.  Departure  from  equilibrium  can  be  partialy 
explained  by  chemical  kinetics  considérations  : 

quenching  models  from  high  température  equili- 
brium have  been  proposed  by  POLAK  /2/  from  /3/  and 
/4/  and  by  AMMAN  /5/. 

I.  COMPUTING  METHOD.  Let  us  consider  a  mixture  of  I 
ng  in  J  chemical  reactions 
ts  k.  : 


:hemical  species  A^  : 


I 


I 


ih  ^ji  h  ^ 
The  thermodynamic  température  of  the  System  is  as 
signed  to  follow  a  law  T  =  f(t)  which  is  supposed 
to  describe  the  température  history  of  the  bulk  gas 
from  entrance  of  the  torch  to  the  end  of  the  reac- 
tor.  The  pressure  is  assumed  to  be  constant  ail 
along  the  System. 

If  diffusion  processes  are  neglected  the  time  depen- 
dence  of  the  chemical  composition  of  the  System  is 
calculated  by  solving  the  following  differential 
systei 


(2) 


dy 


I 


-  (- 


where  y.   is  the  molar  concentration  of  the  i 
species,  p  =  P/kT  and  w.   the  production  and  los; 

.th  .  ^ 

terms  for  i  specie. 


(3) 


J 

.Z.  k.(v'. 


V,.) 


1=1 


•-l 


differential  System  can  be  solved  using  the  appro- 
priate  predictor-corrector  method  proposed  by 
WINSLOW  76/ . 

II.  REACTIONS  AND  REACTION  RATE  CONSTANTS.  We  have 
used  data  gathered  by  PRUD'HOMME  /7/,  and  thèse  re- 
commended  by  BAULCH  /8/. 

At  température  below  5000  K  only  the  following  neu- 
tral  spécial  have  been  considered  :  N2,  O^,  NO,  N 
and  0.  They  are  supposed  to  take  part  in  the  follo- 
wing reactions 


(A)  O2  +  M  *  0  +  0  +  M 
(6)  NO  +  M  î  N  +  0  +  M 
(8)   0     +  N2;  NO  +  N 
The  selected  rate  const; 


(5)  N^  +  M  ^  N  - 
(7)  O2  +  N^î  NO 
(9)  N     +  02^  NO  +  0 


NO 


listed 


M  : 


any  < 


of  the  five  spec 


III.  RESULTS.  From  some  measurements  performed  on  a 
nitrogen-oxygen  plasma  jet  we  have  fitted  the  expé- 
rimental time-temperature  history  along  the  reactor 
in  the  following  manner.  The  température  at  each  end 
of  the  reactor  is  300K,  the  gas  is  heated  up  to 
5000K  in  10"^  sec.  The  initial  value  of  the  heating 
rate  (dT/dt)  is  10^  K/s,  its  mean  value  is  5  lO^K/s, 
the  heating  law  is  parabolic  with  time.  A  similar 
parabolic  law  is  used  for  the  quenching  stcp  during 
9  lO'^s  with  an  initial  rate  -  10^  K/sec. 
Molar  fractions  versus  time  are  shown  in  figure  I. 
Figures  II  and  III  describe  respectively  the  time 
évolution  of  the  over  ail  production  of  NO  (d(NO)/ 
dt)  and  N,   and  the  production  of  NO  and  N  by  each 
of  the  reactions  (4)  to  (9). 

At  the  very  beginning  of  the  reaction  (t<5psec, 
T<4000  K)  the  production  of  NO  is  due  mainly  to 
reaction  (7),  a  resuit  which  is  not  in  agreement 
with  the  conclusions  of  ZEL'DOVICH  /3/  and  POLAK 
/2/  for  this  process.  At  the  same  time  N  is  produ- 
ced  by' reaction  (8). 

The  maximum  production  rate  of  NO  is  reached  bet- 
ween  8  and  12  ysec  (T=4000t5000+4800  K)  and  proces- 
ses (7)   (8)  and  (9)  produce  an  équivalent  amont  of 
NO.  The  production  rate  of  N  by  process  (8)  is  equal 
to  the  loss  rate  by  process  (9)  and  [n]   is  maximum. 
Between  12  and  18  psec  (1=48004-4200  K)  the  proces- 
ses (7)   (8)  and  (9)  always  produce  NO  but  with  a 
lower  rate  until  a  zéro  rate  is  reached  at  18  psec 
and  the  process  (9)  destroy  N. 

Between  18  and  60  psec (T=4200KI1 500K)  reactions  (8) 
and   (9)   slightly  destroy  NO.  The  destruction  of  N 
by  the  process  (9)  is  higher  than  the  production 
by  (8). 

From  t=60  psec  (T- 1 500  K)  the  System  is  partially 
frozen  especialy  for  NO  since  there  is  no  more  ato- 
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icombines  very  slowly  by 
■ns  [O]  during  the  total 


nly  at  high 


mie  nitrogen  and  oxygen 
the  process  (4)  which  go^ 
reaction  time. 

Processes  (5)  and  (6)  are  signif 
température  (T  >  A500  K) . 

CONCLUSION.  At  1  atm.  the  frozen  high  température 
equilibrium  predicts  a  maximum  of   [no|  of  7%,  the 
kinetics  mode!  shows  that  it  is  possible  to  obtaii 
up  to  1 1  %  (a  resuit  which  is  in  good  agreement 
with  experiment  /!/). 

The  important  rôle  of  quenching  rate  is  shown 
our  model,  but,  as  far  as  we  know,  it  is  the  only 
one  which  points  out  the  equally  important  rôle  oi 
heating  rate.  The  heating  rate  controls  the  maximi 
concentration  of  NO  as  the  quenching  controls  the 
freezing  of  the  high  température  mixture. 
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Références 

(4)d 
(4)r 

3.2  10l9 
5  1015 

-1 

-.25 

1 18000 
0 

7lII.287à/III.347 
7111.35/ 

(5)d 
(5)r 

4.1  1022 

1.2  10^^ 

-1.5 
-.5 

224900 
0 

7lII.33/à7lII.377  7III.287 
7111.36/  7111.38/ 

(6)d 
(6)r 

2.9  10l5 
4.3  1020 

-1  . 
-1.5 

150000 
0 

/III. 39/ 
/III. 40/ 

(7)d 
(7)r 

9.1  102^* 
2.4  1023 

-2.5 
-2.5 

128500 
85500 

/III. 34/ 
/III. 41/ 

(8)d 
(8)r 

7.  1013 
1  .3  IQll 

0 

0,5 

75500 
0 

/III. 34/ 
/III. 38/ 

(9)d 
(9)r 

1.  lOll 
2.0  IQlO 

0.5 

0.5 

6200 
38400 

/III. 42/ 
/III. 38/ 

Table  I.  Reaeti( 


,stants.k=B  T  exp(-E/RT) 
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lg(-aiNV8t) 
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TO  THE  THEORY  OF  ELECTROIONIZED  DISCHARGE 

V.V.  Alexandrov,  V.A.  Danilychev,  V.N.  Koterov,  V.V.  Pustovalov  and  A.M.  Soroka. 

P  N  Lebedev  Physical  Institute,  U.S.S.R.  Academy  of  Sciences,  Leninsky  prospect  53,^^7^24, 
li'cow,  U  S.  sT Computer  Centre  of  the  U.S.S.R.  Academy  of  Scvences  Vav^lov  street  40, 


Moscou  117333,  U.S.S.R. 


The  résulta  of  theoretical  study  of 
electroionized  discharges  are  presented, 
which  are  based  on  the  following  équations 
/1,2/: 

•Ôt     -ax     -b-t     c)x  ir    f>  e  ^ 

ie(o^)=<'jiCO.i),  ii(L,t)=0,  J^Ed.X=T7  (1) 

This  study  gives  a  possibility  to  substan- 
tiate  a  simple  method         of  averaging  (1) 
over  fast  tirae,  which  is  determined  by 
électron  motion,  instead  of  relation ie--/ie'\.:p 
the  following  equality  is  valid: 

Averaged  équations  are  valid  both  in  the 
volume  and  in  the  layers. 

(n)  A  change  of  quasi-neutral  plasma  densi- 
ty  n-n^-n^^  in  the  discharge  volume  is  pre- 
sented by  équation  |^  =  C^-pta'  .THe  typical 
formation  time  for  positive  column  resul- 
ting  from  this  équation  is    Ty=i/^(^ fb' 
(DNumerical  calculations  /2/  of  cathode 
layer  formation  have  revealed  four  types 
of  transition  processes  (Pig.1;Uc  is  the 
cathode  falD.At  the  first  stage  (Pig.1; 
t<0.03|iX4)  plasma  is  polarized  near  the  ca- 
thode (Pig»2a;  p  =  »a--iae).ThiB  leads  to 
an  increase  in  the  field  Intensity,  and 


NltrogeKi 
V/Lf>  =  10V/cm-tor'r' 


0  t,  ju-^«c 

Pig.  1. 


50 


s: 


X/U,10-3  iO 
1- 1= 0.007 /M^ec,  2-0.017, 
3-0,029,  4-  O.0  33, 
5-0.0^1 ,  6-0.076 

,4 


Pig.  2. 

the  initiation  of  shock  ionization  wave. 
At  the  second  stage  (Pig.1  ;0.03^^< H 0.1^6) 
the  ionization  wave  is  moving  toward  the 
cathode  (Pig. 2b),  and  forms  near  it  a  lay- 
er of  positive  space  charge ( émit ting  layer) 
where  the  major  électron  current  amplifi- 
cation takes  place  due  to  impact  gas  ioni- 
zation.The  emitting  layer  is  settled  at 
the  third  stage  (Pig.1;    0.1|U6 <  t< '0.5^6  ) 
At  the  same  time  there  begins  the  charge 
re-distribution  in  the  outer  cathode  layer. 
The  fourth  most  prolonged    stage  détermi- 
nes the  total  time  of  the  cathode  layer 
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formation  (Pig.1;     t>0.1fi^.  ). 

The  first  two  fast  stages  are  defined 
by  non-stationary  électron  motion. The  lest 
two  slow  stages  are  connected  with  ion 
motion. Below  are  listed  the  basic  results 
of  an  asymptotic  analysis  of  thèse  stages 
/3,4/  :  typical  times  and  space  scales. 
(ST)  The  space  charge  in  the  emitting  layer 
is  formed  mainly  by  the  ions,  the  impact 
ionization  is  signif icantly  more  intense 
then  the  external  ionization  and  recombi- 
nation,  and  the  électron  motion  is  quasi- 
stationary. Emitting  layer  formation  is  ac- 
corapanied  by  its    space  charge  oscillati- 
ons /2/,  and  their  period  and  décrément 
may  be  quite  well  deterrained  by  a  simple 
model  /3/.  The  thickness  of  the  emitting 
layer  aXj  and  the  typical  timeTj  for  thèse 
processes  are  equal  : 

jv'I^T'^U^,  ^=L(j'n-'<lxf  (3) 
(at        oi.= -4  jD  (E/f>~  B)^  approximation  for 
the  impact  ionization  factor). 
(4^)  The  impact  ionization  in  the  external 
part  of  the  layer  is  not  signif le ant. The 
dynamics  of  formation  of  the  external  car- 
thode  layer  dépends  on  the  parameter 

^-^i^d^y-^^''^'^  in  nitro- 

gen  plasma  at  p=10-^torr)  the  process  has 
a  two-stage  character.Pirstly  a  wave  of 

positive  space  charge  is  moving  from  the 
p 

cathode  with  the  daraping  time  f^  =  :; —  

(Pig.3a).The  influence  of  the  external 
ionization  and  recorabination  is  negligib- 
le  at  this  stage. The  space  charge  wave 
is  induced  by  the  emitting  layer  and  may 


appear  repeatedly.  The  wave  is  described 
by  the  changes  in  the  automodel  form 


Pig.  3. 

After  damping  of  the  space  charge  wave 
the  plasma  character  is  determined  by  the 
external  ionization  source  and  the  recora- 
bination. With  an  accuracy        yD/n  -  a 
the  plasma  becomes  quaei-neutral  in  the 
external  cathode  layer,  and  the  typical 
thickness  AX^  and  the  typical  time  Tg 
for  this  stage  is 


If  a~1  then  the  time  'C^~Tg  and  space  chai»- 

ge  wave  are  not  evidently  expressed.  ■ 

©Ail  results  described  are  in  good  agrée-  . 

ment  with  numerically  calculated  ones  /2/.  j. 

Asymptotic  solution  for  steady-state  dis-  j 
charge  /4/  leads  to  the  same  space  scales. 

The  same  results  are  obtained  from  ave  -  ' 

raged  équations  (1,2)  that  confirms  their  i. 

validity.  j' 
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ON  EXPANSICDN  OF  THE  COLLISIONLESS  PLASMA  INTO  VACUUM 

V.G.  Yeselevich,  V.G.  Fainstein. 
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In  laboratory  experiments  on  plasma  ex- 
pansion into  vacuum  carried  out  till  the 
présent,  the  maximum  recorded  speeds  of 
ion  Sound  were  several  times  less  than 
the  recorded  velocities  of  accelerated 
ions  (C3     =  (T,o/m,)^/2  )'\ax^(2.3)C^, 

E^^^=4^--  ^(Z^^5-)Xo  //-V 

In  this  paper,  it  is  experimentally 
shown  that  at  plasma  expansion  into  vacu- 
um, the  ions  may  be  accelerated  up  to  ve- 
locities U^C^,  .  And  due  to  instabili- 
ty  development,  the  flow  of  électron  heat 
from  source  to  front  providing  energy 
supply  to  électrons  which  accelerate  ions 
turns  out  to  be  about  10^  +  10^  times 
less  chan  it  follows  from  the  theory  of 
pair  collisions  /5/ • 

The  experiments  were  performed  in  a  cy- 
lindrical  vapuuin  volume  with  a  200  cm 
length,  60  cm  diameter.  The  residual  gas 
pressure  Pîs5x10"^  mm  Hg.  On  one  end  of 
the  chamber,  a  puise  source  is  arranged 
/6/,  whose  plasma  having  in  space  a  steep 
front  with  a  v/idth A -(1-5 )cm,  was  expan- 
ding  into  the  chamber.  The  parameters  of 
argon  plasma  at  the  outlet  of  the  source 
on  front  top:  77o-  (  ^     5 )eV ;  77o<  T^o 
H       {^0^-è■^o'^)cm~^ .  The  duration  of  sou- 
rce opération  was  signif icantly  greater 
than  the  time  of  passage  of  the  plasma 
of  the  chamber  length.  Mea sûrement s  of 


électron  and  ion  densities,  électron  tem- 
pérature as  well  as  of  plasma  front  moti- 
on velocity  v^ere  made  with  0  cylindric 
Langmuir  probe  (1  =  I5cm,  ^   =  0.05  cm) 
displacing  along  the  chamber  axis. 

The  experiments  showed  that  as  plasma 
is  moving  from  the  source,  the  plasma 
density  n  in  front  top  drops  apparently 
(]?'ig.l)  (and  Tg  changes  comparotively 
little).  Therefore,  the  value  of  the  lo- 
cal Debye  radius  ry=(Tg/4frne^)  increa- 
ses.  The  front  width  separated  from  the 
source  by3t:^70cm,  becomes  of  the  order 
oïj^'^^^l,  and  a  phenomenon  like  disper- 
sion is  observed:  density  variations  with 
a  typical  lengthy^  lagging  behind  the 
front.  At  further  movement ,  the  value  A 
from  X  changes  approximately  as  l/y^^;. 

As  ions  are  moving,  their  velocity  in- 
creases  continuously  with  increasing  x  to 

X  =150cm  inclusively  (Pig.2).  This  me- 
max 

ans  that  ar>l50cm  implies  further  increase 
of  the  velocity  U.  The  value  of  ion  accé- 
lération is  determined  by  the  gri^dient  of 
électron  pressure  in  the  front  and  in  or- 
der of  magnitude  agrées  with  the  value 
^  ^  g  Të  L  ^  cf         JL,  (z  =  1  -  ion  cha- 

^  "  -ml  n  ^  à(x) 
rge. 

The  accélération  decrease  with  increas- 
ing x  (curve  inclination  in  Fig.2)  i.s 
largely  due  to'  increasing  A    (x).  Under 
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conditions  of  the  experiment  the  maximum 
velocity  of  accelerated  ions  at  a  distan- 
ce of  \jax~''50cm  was     (1  5 -{-20)  Cj^, 
viihich  corresponds  to  the  energy  E  = 
=  (100+200)  T«o 

The  électron  temperatiire  gradient  along 
the  ojraxis  measured  on  a  20cm  portion 
r^0Xîe40cm  is  about  (0.02-f-0.03)  ^ 
The  électron  heat  flow  connected  with 
dx  assuring  électron  energy  restoring, 
eaergy  being  given  to  ions,  is  in  order 
of  magnitudej-'««»f  (here  aE^'Ç"  is  the  in- 
crément of  front  kinetic  energy  on  20 -f  40 
cm  portion),  Por  this  case  (Pigs.  1  and  2 

!i  2eV)  this  value  is  approx.  5f-6  ord- 
ers  less  than  the  heat  flow  obtained 
from  the  theory  of  pair  collisions  /5/, 
As  oneis  moving  away  from  the  source, 
an  increase  in  level  (up  to^M),2  on  OX 
C:  40cm)  of  electrostatic  density  oscil- 
lations with  a  typical  wavelength^-'rp)  and 
frequency  in  the  frame  of  référence  con- 
nected with  the  front-a^.=  iAÇne^/m^)^^^ , 
is  observed  in  the  front  région  and  be- 
hind. 

According  to  /?/,  excitation  of  such  a 
type  is  due  to  instabilities  of  the  non- 
isothermic  plasma  with  ihhomogeneous  tem- 
pérature. 

Electron  scattering  on  oscillations  le- 
ads  up  to  a  decrease  in  électron  thermal 
conductivity  whose  calculated  value  /8/in 
order  of  magnitude  agrées  with  the  expé- 
rimental one. 
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Pig.1.  Spatial  distribution  of  ion  den- 
sity in  the  front  of  plasma  expanding  in- 
to  vacuum  at  différent  time  moments: 
a)-  t,     =  20mCiec    ,  b)-    f  j,  =  26»i«»  ; 

c)-  =  31  .5  rrLCiec. 


Pig.2.  Change  of  velocity  of  the  front 
of  plasma  expanding  into  vacuum,  with 
the  distance  from  the  soiirce. 
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ELECTRICAL  FIELD  STRENGTH  C5N  THE  POSITIVE  CORONA 
ELECTRODE  WITH  THE  COUNTERFLOW  OF  NEGATIVE  IONS 

N.B.  Bogdanova,  B.G.  Pevchev  and  V.I.  Popkov. 

Krzhizhanovsky  Power  Institute,  Mosaow  U.S.S.R. 

Introduction.  To  çalculate  the  corona 

électrode  Systems  including  corona  losses 

in  power  transmission  lixies,  one  should 

know  the  electric  field  strength  on 

électrode  surface  under  corona,  Recently 

this  most  important  characteristic  was 

measured  directly  "by  English  as  well  as 

Soviet  scientists  /  '1,2,3,-4-  /,     If  s 

clear  from  Soviet  works  /  3,^  /.  that 

remains  constant,  i.e.  doesn't  dépend  on 

applied  voltage.  In  case  of  unipolar 

d.c, corona,  the  electric  field  strength 

E    on  the  électrode  under "corona  is 
c 

equal  to  the  onset  strength  E^. 
Various  aspects  of  négative  ion  influence 
on  discharge  processes  in  air  including 
corona  were  discussed  in  scientific  lit- 
erature  for  a  long  period  of  time.  Poss- 
ibility  of  such  influence  takes  place 
for  d.c.  bipolar  corona,  for  d.c.  uni- 
polar corona  on  positive  électrode  with 
négative  ion  infection  into  the  gap  from 
extemal  ion  source  and  also  for  a. c, co- 
rona when  négative  ions,  created  in  the 
négative  half  cycle,  retum  to  the  élec- 
trode at  the  next  positive  hailf  cycle. 
Measurements  of  electrical  field  strength 
on  the  positive  corona  électrode, in  case 
of  counterflow  of  négative  ions  carried 
out  in  the  given  work,  were  used  to  dét- 
ermine the  character  of  influence  of 


négative  ions  on  corona  discharge,  to 
estimate  the  possibility  of  négative  ion 
detachment  and  subséquent  development  of 
électron  avalanches,  and  electrical 
field  strength  necessaiy  for  the  detach- 
ment . 

Measuremerit  procédure.  The  measurements 
on  d.c.  and  a.c.  (50  Hz)  corona  were  per- 
formed  in  coaxial  électrode  systeîiis  with 
the  inner  électrode,  dia  13  mm,  having  a 
probe  (an  electrostatic  fluxmeter)  in- 
serted  therein  and  outer  cylinder,  dia 
100  or  192  cm  /  5,4  /.  In  tests  with  d.c, 
bipolar  corona  three  wires,dia  0,08  cm, 
connected  electrically  with  the  extemal 
cylinder  were  mounted  in  parallel  with 
the  inner  électrode  (see  the  Scheme  in 
Fig.  1),  Three  thin  wires  were  used  in- 
stead  of  one  in  order  to  provide  the  uni- 
f orm  distribution  of  négative  charge  over 
the  inner  électrode  surface,  The  record- 
ing  of  the  signal  from  fluxmeter  was  car- 
ried out  by  an  oscilloscope  or  a  sélect- 
ive nanovoltmeter.  The  error  when  meas- 
uring  E^jby  means  of  an  oscilloscope, 
according  to  our  estimations,  comprises 
3%,  in  case  of  the  nanovoltmeter  -  1,5%. 
Expérimental  résulte.  The  measure'd 
field  strength  on  the  inner  électrode 
under  d.c.  bipolar  corona  was  compared 
with  that  in  the  case  of  unipolar  corona 
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when  air  parameters  and  charactaris tics 
of  the  probe  are       -fc-.j.v.  •..'lie  lorias  of 
positive  corona  in  both.  re^jimes  are  diff- 
érent: the  unipolar  corona  is  character- 
ised  by  the  appearance  of  streamers  at 
overvoltages  up  to  n  =  1,7+1,8,  for 
n  >  1,7-1-1,8,  the  corona  becomes  uniform 
v/hile  the  bipolar  corona  is  uniform 
over  the  whole  range    of  n.  An  example 
of  measured  field  strength  E    on  positive 
électrode  versus  applied  voltage    U  is 
given  iii  ?i;;,  1,  '..'here,   in  jase  of  strearr 
•mer  unipolar  corona (n<ri  ,7*1 ,8)  the  max- 
imum values  of  "E^  are  given.  As  can  be 
seen,  the  field  strength        on  the  posi- 
tive électrode  at  bipolar  corona  (  for 
U      1]^  bip^        also  indépendant  on  U. 


H  I  I  I  I    I  IM 


Fig.l 


Sû  fOOUoBipUaump  200  IJ.kV 

Hov.-ever,  under  bipolar  corona  condition 
the  value  of        is  lower  than  that  under 
unipolar  corona.  The  différence  botv/een 
^c  bip         ^c  unip  ^oesn't  signif icantly 
exceed  the  measurement  error  and  equals 
to  ^  8%.  The  field  strength  under  corona 

ds  equal  to  the  onset  E^  in  both 
cases,  The  similar  decrease  of  the  field 
strength  on  the  positive  corona  électrode 
takes  place  also  with  some  other  methods 
of  négative  ion  injection  into  the  gap 
aaid  also  by  retuming  of  négative  ions 


at  a.c.  generated  during  a  previous  half 
cycle,  The  last  is  illustrated  in  Fig,2, 
After  the  moment  of  corona  onset  in  posi- 
tiv:;  hal--  cycle  the  fiolu  stren-th  decr- 
ease s  ,:;li-htly  cuxcl  1,5  us  latcr  becomes 
stable  at  E^^  <    E^..     =Et  ,  the  diff. 


0  unip' 


erence 
between 


unip  exceeding  5-7%. 

In  ail  cases  studied  the  existense  of  né- 
gative ions  counterflow  alv/ays  results  in 
the  decrease  of  the  field  strea7;i;}i  on  the 
électrode  with  positive  corona.  This  con- 
firms  assumptions  (  5,6,7  )  on  the  det- 
achment  of  négative  ions  near  the  corona 
électrode  and  following  formation  of 
électron  avalanches.  Expérimental    res  - 
ults  allow  to  estimate  the  highest  poten- 
tial  gradients  when  négative  ions  detach, 
This  gradient  is  equal  to  or  less  than 

on  the  électr- 
ode surface  with  positive  corona  at  bi- 
polar régime,  i,e.  E^^^        38  kV/cm, 
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EL ECTRON-ATTACHING  GASES  IN  LASER  DISCHARGES  : 
ALTEREDDISCHARGE  PARAMETERS  AND  NEGATIVE-IGN  PRODUCTION 

Irving  J.  Bigio. 

University  of  California,  Los  klamos  Scientifio  Labovatory,  Los  Alamos,  NM  87545. 


Two  very  important  parameters  of  a  laser 
discharge  which  affect  the  excitation  rates  and 
laser  kinetics  as  well  as  the  "quality"  of  the 
discharge  are  the  electric-field-to-pressure 
ratio,  E/P,  and  the  preionization.  The  addition 
of  an  electron-attaching  gas  to  the  laser  raix  can 
strongly  raodify  both  of  thèse  parameters.  By 
properly  accounting  for  the  changes  in  thèse 
discharge  parameters,  changes  in  the  laser 
kinetics  and  émission  can  be  correctly  predicted. 
Two  exemplary  cases  are  considered:  the  addition 
of  SF^  to  N2  lasers,  and  preionization  effects 
in  eximer  lasers. 

Several  authors  have  described  the  effects  of 
adding    SF^    to    the  discharge    laser  operating 

3  3  1-4 

on  the  C  ■'^        B  transition.  The 

u  g 

increased  power  and  modified  puise  shapes  have 
been  variously  attributed  to  altered  kinetic 
mechanisms  (e.g.  quenching  rates)  and/or  new 
excitation  pathways,  with  contradicting 

2,3 

explanations  and  expérimental  results. 

In  order  to  clarify  the  situation  we  have 
carried  out  a  theoretical  and  expérimental  study 
which  shows  that  the  only  important  effect  of 
adding  SF^  to  the  nitrogen  discharge  is  the 
modification  of  elec tronic-state  excitation  rates 
due  to  the  increased  E/P  value.  (The  electro- 
negative  gas  allows  a  higher  voltage  buildup 
before  breakdown  and  also  results  in  a  higher 
impédance  discharge. ^)  The  Boltzman  transport 
équation     has     been     solved     numerically     for  the 


électron- impact  excitation  rates  into  the  states 
of  interest,  for  différent  values  of  E/P.^  The 
distribution  among  vibrational  levels  is 
determined  from  the  Franck-Condon  factors.  Then 
by  using  the  temporal  historiés  of  the  discharge 
parameters , it  is  possible  to  predict  the  temporal 
history  of  the  population  inversion,  hence  gain, 
hence  laser  émission.  Figure  1  compares  the» 
theoretical  and  expérimental  results  for  the  case 
of  a  fast  Blumlein-type  discharge. 


As  further  proof  that  only  the  E/P 
modification  (and  not  any  kinetic  mechanism)  was 
responsible  for  the  laser  effects,  a  totally 
différent  electro-negative  gas  was  used,  CF^, 
which  produced  very  similar  results  to  the  SF^ . 

In  eximer  lasers  pumped  by  a  fast  discharge, 
efficient  preionization  of  the  gas  is  essentiel 
for  producing  a  uniform,  arc-free  discharge. 
Typically  a  strong  uv  flash,  produced  by  a  string 
of  sparks,  provides  the  preionization.  However, 
the   eff ectiveness   of  the  preionization  appears  to 
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be  relatively  independent  of  the  time  delay 
between  the  spark  puise  and  the  main  discharge. 
This  was  surprising  since  the  gas  mixtures 
typically  contain  a  few  torr  of  ,  NF^  or 
BCl^  which  have  exceedingly  fast  dissociative- 
electron-attachment  rates.  Thus ,  essentially  ail 
the  free  électrons  produced  by  the  uv  flash  would 
disappear  within  <]0  ^  seconds,  whereas  uniform 
discharges  are  produced  even  with  delays  exceeding 
one   psec  ^ 

Hsia^  has  suggested  that  the  négative  ions 
produced  by  d issoc iat i ve-at t achment  reactions  such 
as  +  e        F  +  F      have    a    low    enough  électron 

affinity  (^3  eV)  that  when  the  main  discharge 
field  is  applied  they  undergo  collisional 
detachment:  F~  +  X  F  +  X  +  e.  Thus,  the 
négative  ions  themselves  provide  a  secondary 
source  of  électrons  right  at  the  time  of  the  main 
discharge . 

To     test     this     hypothesis     experimentally  we 

chose         a         totally         différent         method  of 

preionization :  a  radioactive  -emitter, 

americum-241 .       The     advantages     of     a  radioactive 

source     for     this     study    are    that    it    produces  no 

electric    fields    which    might    alter    the  discharge 

parameters,    and    it    is   much  easier  to 

électron  production  rate.     The  expérimental 

détails  are  described  in  Réf.  9.     For  our 

expérimental  geometry,   the  relation  which 

détermines  the  density  of  électrons,  ng ,  is 
dn,  AQ 

~  =  — ; —  aniti,  -  ^n, 
dt  nR^L 

where  A  is  the  total  source  activity,  Q  is  the 
number  of  electron-ion  pairs  produced  per  alpha 
particle,  R  is  the  range  of  the  alphas  in  the 
given  gas,  L  is  the  length  of  the  strip  source 
(=  the  length  of  the  laser  discharge  région),  n£ 
is  the  ion  density,  while  a  and  g  are  the 
electron-ion   recombination   and  electron-attachment 


coefficients,  respectively .  Since  for  the 
electronegative  eximer  gas  mixes  3  >>  «n., 
équation  (1),  at  equilibrium,  becomes 


(1) 


(2) 


For    our    parameters    équation    (2)    gives    us  a 
-3 

value         n^  <    1  cm     ,         which  is  obviously 

insufficient       for       stabilizing       the  discharge. 
However,      since     essentially     ail      the  électrons 
produced    by    the  a-source   resuit    in   négative  ic 
F  ,      the      density     of     négative      ions,      n^,  , 
determined  by 

where     the    main     loss     mechanism     for     the  F 
assumed     to     be     three-body     ion-ion  recombination 
(rate     denoted     by  a'   ):       F    +  X    +  M  neutral 
products.       Thus,     we    get    a    negative-ion  density 
nj,_=  5x10^  cm  ^  at  equilibrium.  This 

density       of       low-affinity       négative  ions 
sufficient      to      aid      in      stabilizing      the  ma; 
discharge      for      E/P     values     ~    100  V-cm~^-torr~' 
especially   if   the   initial  voltage  risetime  is  fast 
MO"^  sec). 

In  summary,  whenever  an  electron-attaching  gas 
is  used  in  a  laser  discharge,  it  is  wise  to 
examine  carefully  the  effects  of  increased  E/P  and 
the  rôle  of  negative-ions  in  the  discharge 
kinetics . 
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Instabilit  Les  in  a  non-self-sustai.nod 
glow  discharce  which  develop  v/hen  external 
ionisation  puise  is  applied  have  been  dis- 
cussed  earlier  is  many  works,  ;>ccordinp; 
to  the  présent  dominât ing  point  of  viev/ 
this  instability  is  associated  with  the 
growth  of  the  value  of  self-sustained 
ionization  function.  Heating  are  raréfac- 
tion of  gas  play  an  important  rôle  in 
this  case. 

1.  This  paper  reports  on  the  measure- 
ments  of  gas  density  which  were  performed 
to  clarify  the  mechanism  of  instability 
when  the  time  exceeds  the  ionizer 

puise  duration  Z Experiments  were  car- 
ried  out  in  a  mixture  of  and  ^2 

atmospheric  pressure. A  pulsed  120keV  éle- 
ctron beam  with  a  current  density  200 
mkA/cm^  at  the  anode  plane  was  injected 
into  a  discharge  chamber  throug/ian  Al-foil. 
The  voltage  across  the  discharge  gap  was 
maintained  constant  and  the  velocity  of 
gas  flow  was  3  m/s.  Change  in  the  gas  den- 
sity were  recorded  by  a  laser  interfero- 
meter  method,  Measurements  were  carried 
out  v/ith  a  He-We  laser  which  had  a  three- 
mirror  resonator[l] .  The  wavelength  was 
0.63  mkm.  Optical  axis  of  simmetry  were 
coïncident, 

Typicai  oscillograms  of  a  discharge 
cxirrent  puise  and  of  phase  overlapping  are 
presented  in  Pig. 1(200  mks/cm  sweep).  In 
this  case  the  non-ionized  gas  provides  the 
main  contribution  to  the  refraction  factor. 
A  phase  shift  2JC corresponds  to  a  relative 
change  in  gas  density  aAZ/A/^  =  O.OI6  for  the 
mixture  C02-N2(1:2)  and  4 A/ZV^  =  0.018  for 
the  mixture  (1:9),  where  /V^  is  the  initial 
gas  density  and  a/V  =  A'^ -A/ (t) .  The  depen- 
dens  of  the  relative  density  A/(t)/A/o  on 
the  duration  of  current  puise  for  1:9  mix- 


ture is  shovm  in  Pig.^.  A  point  in  the  fi- 
gure which  identifies  the  dovelopmetit  of 
instability  after  the  terminabion  of  cur- 
rent puise  is  narked  v/ith  a  cross. 

?.        analitical  asseasment  of  ;:as 
raréfaction  was  madc  on  the  basis  of  a 
two-level  model  which  takes  into  account 
the  transfer  of  oscillatory  energy  away 
from  the  discharge  zone.  The  continuity 
équations  for  the  exited        and  CO^  molé- 
cules have  the  form  :  ^ 

Here        ,        are  the  densities  of  î-î^  and 
COg  molécules  in  the  ground  state:  ft^,!^ 
dénote  the  pov/er  density  used  for  the  exi- 
tation  of  oscillatory  levels  in  ïlg 
CO   \E^,E(.     are  the  ener,:^;ies  01  oscilla- 
tory levels  in  ^2  and  CO2,       -  constant 
related  to  the  oscillatory  quanta  exchange 
rate  between  1^2  ^"^^  ^^^^'''^n'        '  relaxa- 
tion time  of  oscillatory  levels  in  ^2 
COg.  'équation  (1)  and  (2)  should  be  sup- 
plemented  by  gas  dynamical  équations 
v/hich  may  be  expressed  for  isobaric  ex- 
pansion of  gas  as  follows  : 

(3) 

at 

Here  N  is  the  total  density  of  molécules 
in  a  gas  mixture.  The  solution  of  system 
(1)-(4)  may  be  derived  with  an  assumption 
that  due  to  the  high  rate  of  energy  ex- 
change between  the  îlp  and  COp  oscillatory 
quanta,   the  cstabl inhment  of  equilibruira 
between  thcm  is  practically  a  momentary 
proceos,  i.e.  that  A^/A'^  =  A^/Z/V/ =  ^  • 
The  set  of  équations  (1)-(4)  nay  now 

25 
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now  be  reduced  to  a  single  non-linear  se- 
cond-order  differential  équation  for  gas 
density  : 

Solution  of  (5)  is  as  follows  : 


If  fl«  1,  expression  (6)  may  be  simpli- 
fied  as  follows  : 

In  another  limiting  case  when  Blf-g)»! 
we  obtain  from  (6)  : 

n  ^  exp[B(ti-i)Z] 

In  both  cases  the  solution  does  not  de- 
pend  on  /-^  .  It  should  be  noted  that  af- 
ter  termination  of  the  pumping  puise,  the 
gas  concentration  decreases  for  some  time 
due  to  oscillatory  energy  relaxation.  The 
solution  of  équations  (1)-(4)  at  VJ  =0 
yields  :  ^ 

To  allow  comparisnn  with  expérimental  da- 
ta of  /2-Ct)  was  computed  frora  formulas 
(-6a), (7)  for  mixture  œ^-NjdîS)  at 
Vjj=3  kV  and  V^=5  kV  (curves  3  and  2  res- 
pectively  in  Pig.2).  Note,  that  with  the 
increase  of       and  at  earlier  moments  of 
observation,  the  déviation  from  the  con- 
ditional  P=const  which  is  the  basic  ap- 
proximation of  the  theoretical  model  be- 
comes  greater.  Also,  the  discrepancy  bet- 
ween  calculation  and  experiment  increases. 

3.     Discussion  of  résulta.  From  Pig.2 
it  may  be  seen  that  at  V^=6  kV  and  310mks 
dirration  current  puise,  instability  deve- 
lops  at  375  mks  (Ç^> ^  ).  By  this  time 
the  gas  density  decreases  approximately 
by  a  factor  of  2.5.  Coraparision  between 
the  applied  voltage  and  the  static  break- 


down  voltage  of  this  discharge  gap  shows 
that  at  n  =0.4  the  latter  is  three  times 
as  high  as  V^. 

A  simular  situation  is  true  for  the  (1:2) 
mixture. 

Thus  the  raréfaction  of  the  gas  is  not 
a  sufficient  factor  for  the  development 
of  a  static  breakdown  (direct  Townsends 
ionisation).  The  development  of  instabi- 
lity may  be  associated  with  the  grov/th  of 
stepped  self-sustained  ionisation  in  the 
decaying  plasma  In  an  external  field.  In 
this  case  the  increase  of  E/N  due  to  gas 
raréfaction  plays  a  significant  rôle. 

[Ij  -  D.E.Ashby,D.P. Jephcott,  Appl.Phys. 
Lett.,3,13,1963. 
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Won-self-sustained  discharges  are  known 
to  be  unstable.  Instabilities  which  lirait 
the  maximum  energy  input  in  pulsed  modes 
of  opération  may  develop  in  différent  ways. 
At  a  sufficiently  high  discharge  voltage 
an  instability  which  occurs  during  a  cur- 
rent  puise  can  be  observed.  The  mechanism 
of  this  instability  has  already  been  stu- 
died  in  détail.  At  lower  discharge  vol- 
tages instability  may  develop  when  the  ex- 
ternal  source  of  ionization  has  been  tur- 
ned  off.  As  a  resuit  the  discharge  volta- 
ge should  be  decreased  fuather.  This  leads 
to  a  reduced  energy  input  per  puise  in  a 
COg  repetitively  pulsed  laser  when  the 
frequency  is  high  or  the  gas  velocity  is 
small  [l,2j. 

This  paper  reports  on  the  results  of 
expérimenta  on  instabilities  occurring  af- 
ter  turning  off  the  ionization  source  of  a 
non-self-sustained  discharge  when  a  single 
or  two  subséquent  current  puises  of  the 
électron  beam  current  v/ere  applied, 

The  expérimenta  were  carried  out  in 
pure        or  in  mixture  of  gasea  002:^2=1:9 
at  atmospheric  pressure.  Pulsed  120  keV 
électron  beam  having  a  current  density  200 
mkA/cm^  at  the  anode  plane  v/as  introduced 
through  an  Al-foil  into  a  discharge  cham- 
ber.  Typical  oscillograms  of  current  puise 
f  crias  nwithout  instability  are  shown  in 
Fig. 1a,pig.1b  related  to  an  instability 
developed  after  turning  off  the  ionizator 
and  Pig.lc-to  a  case  v/hen  an  instability 
occur  when  the  ionizator  is  active.  The  in- 
stability development  tine  wac  studied  v/hen 
single  puises        and  2        or  séquence  a  of 
twO  puises  with  a  durât ion    Z^  each  and  a 
period  T  were  applied. 

Dependence  of  instability  development 


time  in  a  discharge  plasma  for  a  mix- 

ture C02:N2=1:9  upon  E/P  is  given  in 
Fig. 2a.  It  shows  the  time  of  instability 
development  relative  to  the  front  of  the 
current  puise  after  the  application  of  a 
single  current  puise.  Points  related  to 
^^=0.3ras,  are  markedf  ^)  and  those  to 
Z^  =0.15ms-(n  ).  Data  obtained  in  a  séqu- 
ence of  two  puises  at    Zp   =0.1 5m3  and  T= 
0.75ms  are  identified  by  (A).  The  same 
figure  also  shows  the  dependence  (^/P) 
for  a  case  when  the  instability  develops 
before  the  end  of  the  current  puise  i.e. 
when       <  Zp-  Thèse  expérimental  points 
are  marked  with  0.  Prom  the  figirre  it  may 
be  seen  that  the  lag  of  instability  deve- 
lopment in  a  séquence  of  tv/o  puises  coin- 
cides  v/ith  the  lag  observed  in  a  single 
puise  of  double  duration  if  this  time  is 
greater  than    0.9ms  at  this  value  the  in- 
stability is  formed  duration  the  second 
puise  of  the  séquence,  "'ith  further  increa- 
se  of  d/p  the  instability  development  lag 
reducea  slightly.  WTien    Za  =0.75ms  at  e/p= 
3.5  kV/cm-atm,   Z^  sparts  again  to  increase 
rapidly.  i^.Tien  the  value  dirainishes  to 

0.15ms,  the  instability  occurs  during  the 
first  puise. 

Similar  dependences  were  obtained  in 
1^2  (fig.  2b)  with  single  0.1  and  0.2ms  pui- 
ses (■  indicated    (a)  and  (  x  ) ,  respectively) 
and  with  a  séquence  of  tvra  puises  with 
^^=0.1ms  and  T=0. 9ms(  a ) , or  with  Zp  =0.5 
and    Zp  =1.0'ms  (  ■  and    +   )  and  with  two 
puises    Zp  =0.5m3  and    T=1.5ms  (A). 

In  our  opinion  the  nature  of  instabi- 
lity at  Za^tp^B  the  same  as  that  observed 
at  Z^<Zp.  V/hen  the  électron  beam  ia  inter- 
rupted  the  plasma  atarts  to  deionize  and 
the  current  decreaaes.  However,  simultané- 
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ouGly  with  this  process  the  self-sustain- 
ed  ionization  continues  to  increase  due 
to  the  growth  of  the  mean  energy  of  élec- 
trons in  the  applied  field  (e/H  increasec 
as  cas  concentration  II  decreases).  Another 
reason  Is  the  increase  of  the  number  of 
fast  électrons  with  ionizinc  capability. 
In  this  case  ^^e/jt  fH^-the  électron  con- 
centration) may  become  positive  with  sub- 
séquent current  and  instability  develop- 
ment.  The  non-seli-sustained  discharce 
transforma  infco  a  self-sustained  mode. The 
second  puise  merely  accélérâtes  this  pro- 
cess. The  tine  of  establisliment  of  a  con- 
stant gas  density  after  turning  off  the 
source  of  ionization  is  relatively  short. 
It  is  of  the  order  of  oscillating  relaxa- 
tion time  for  the  mixture  of  gases  and 
corresponds  to  the  rotational  relaxation 
time  for  îî^  where  the  V-T  relaxation  time 
is  on  the  contrary  very  long.  Thus  the 
instability  will  not  develop  after  the 
first  puise  but  rather  a  certain  stable 
density  may  be  established.  After  the  se- 
cond puise  the  density  starts  again  to 
duce,  (7/1/^/(7^  changes  its  sign  and  leads  to 
instability.  Thus,  the  raréfaction  of  the 
gas  influences  essentially  the  time  of  in- 
stability development. 

Discharge  voltage  in  lasers  when  an 
external  ionizator  is  used  for  current  mo- 
dulation should  be  chosen  such  that  E/P 
does  not  exceed  the  minimum  value  at  v/hich 
the  instability  develops,  or  ^  should  be 
greater  then  the  time  of  gas  transit  thro- 
ugh  the  discharge  gap.  In  both  cases  this 
voltage  is  appreciably  lover  than  the  li- 
miting  voltage  at  whichZ'„=  ïp,  thus  pum- 
ping  would  not  be  performed  in  the  optimal 
conditions.  It  therefore  appears  that  the 
most  promising  means  of  pumping  would  be 
provides  anode  voltage  modulation  in  such 
a  way  that  the  probability  of  instability 
development  be  eliminated. 
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Three-component  ccmpressed  mixtures  of  density  in  the  resonatoi-  (cia'-sec     )  ;  /Co.  , 

rare-gas  (A,R)  and  haloid  molécules  (II^)  the  rate  constant  for  électron  attaclment 

are  one  of  the  most  active  média  for  power-  to  jSe  ,  the  constant  of  electron-ion 

fui  optical  gas  lasers  /I/.  In  /2/  a  self-  recoinblnation  with  ATi*"  mole  cul  ar  ions;  j6t  , 

sustained  electrophotoionized  discharge  the  constant  of  ion-ion  recombination  of 

(EPI-discharge)  has  been  proposed,  and  the  négative  H  and  positive  Mi"  ions;  Kt,  the 
calculation  for  a  three-component  laser  mix-rate  constant  of  molecular  ion  formation 

ture  Ar:Xe:CCl^=1 500: 50:1  at  P=2  atm  pre-  at  triple  collisions  of  R"*"  and  two  A  atoms; 

sented.  In  the  présent  paper  the  conditions  L,  the  active  région  length;     andH^fi,  the 


for  steady-state  burning  of  a  self-sustai- 
ned  EPI  discharge  in  A:R:H2  laser  mixtures 
where  the  quantum  energy  is  sufficient  for 
photoionization  of  low  metastable  levels 
of  the  rare  gas  (R*)  are  considered,  Gur- 
rent-voltage  calculation  characteristics 
(CVG)  are  presented  and  the  conditions  for 
discharge  stability  are  found.  The  reduced 
équation  System  for  EPI-discharge  in  three 
component  laser  mixtures  at  the  point  ap- 
proximation is: 

^='6-M''-fCaf{?ne-A/l^%,  (  1  ) 

Here  &  ,yv^»  are  the  charge  and  électron  mo- 
bility  with  density  n^;  ci  ,  the  part  of 
energy  spent  on  A*  électron  level  excita- 
tion with  energy  ;  Kr  ,  the  rate  constant 
of  RH*  excimer  formation  at  R*  and  col- 
lisions; 6i  ,  the  cross-section  of  photoio- 
nization R*;   Cfjt,  the  laser  radiation  flux 


reflection  coefficients  of  the  resonator 
mirrors,  and  6^,  the  cross  section  of  la- 
ser light  absorption  by  lâl^   ions,  V/Tien  derd 
ving  the  systom  (1),  the  laser  signal  was 
assumed  to  be  saturated. 

Por  the  given  optical  resonator  parame- 
ters  and  the  active  région  length  ail  stea- 
dy-state discharge  parameters  are  defined 
by  E/P.  The  corrélation  between  the  élec- 
tron density  and  the  field  intensity  is 
given  by: 

Figure  shows  the  GVC  of  the  EPI-discharge 
for  différent  values  of  the  resonator  tra- 
nsmission, One  can  see  the  existence  of 
the  minimum  E/P:iE/P)^_^.j^^parameter  dopending 
on  the  resonator,  TJtarting  from  this  va- 
lue of  E/P  the  steady-state  burning  of 
the  self-sustained  discharge  is  possible, 
There  are  tv/o  build-up  and  drop-dovm  cur- 
ves  in  the  EPI-discharge  GVC,  The  clect- 
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ron  attachment  to  the  haloid  molécules  Is 
the  main  mechanism  of  électron  loss  on  the 
drop-dovm  curve  of  CVC,  In  the  case  of  the 
build-up  curve  the  process  of  dissociation 
recombination  with  AR^  molecular  ions  is  do--/ 
minating,  Since  the  growth  of  molecular  ion 
density  AR"*"  is  not  proportional  to  the  gro- 
wth of  n^  (due  to  the  finite  rate  of  AR"*" 
formation  from  R"*"),  then  starting  from  some 
value  E/P  the  électron  loss  would  not  com- 
pensate  the  électron  origin,  and  no  steady- 
state  burning  is  possible.  Note  that  if  R"*" 
ion  is  instantly  transformed  into  AR"'',then 
the  building-up  CVC  curve  would  exist  at  any 
value  of  E/P  (instabilities  connected  with 
a  stepwise  ionization  are  not  taken  into 
account).  Thus,  the  région  where  the  build 


up  curve  exists  is  restricted  from  above 
by  the  following  E/P  value: 


It  is  known,the  drop-down  CVC  is  unstable 
without  the  external  résistance  in  the 
discharge  circuit  /3/.  One  of  the  CVC  cur- 
ves  with  différent  loading  line s  is  pre- 
sented  in  Pig.2,  As  is  seen  from  Pig.2, 
there  is  a  minimum  value  of  external  ré- 
sistance for  each  of  the  points  along  drop- 
down  CVC  (the  loading  curve  1  touches  CVC 
at  this  point)  that  makes  possible  the 
steady-state  burning  of  EPI -discharge. 
When  ballast  résistance  is  R  >  I^^,  the  loa- 


ding curve  (II)  would  cross  the  CVC  at^xil^'^ 
points.  But  the  only  stable  crossing  point 
is  the  one  corresponding  to  a  smaller  E/P 
value.     hi  is  derlved  from: 

where   Ko   is  the  résistance  of  a  discharge 
gap;   C  ,  the  distance  between  électrodes, 
and  5,  the  électrode  area, 

The  existence  of  parasitic  capacitance 
Cp  of  a  discharge  gap  can  raake  the  drop- 
down  curve  unstabïe  even  at  R  >  Ri-/4/. 
But  in  the  case  when  B-^p  time  is  much 
smaller  than  the  typical  plasma  formation 
time,  the  présence  of  a  parasitic  capaci- 
tance does  not  interfère  the  stability  of 
discharge  burning.  Here  the  acceptable  pa- 
rasitic capacitance  is  defined  by: 

Under  the  conditions  typical  of  excimer  j 
laser  opération  Eq, (5)  is  valid.  The 
drop-down  curve  is  of  interest  for  laser 
applications  since  energy  loss  for  photo- 
ionization  is  less  than  for  b'iildup  curve. 
Stimulating  discussions  with  O.Kerimov 
and  G, Shapiro  are  acknowledged. 
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KINETIC  PROCESSES  IN  NON-HEATED  COPPER  VAPOUR  LASER 
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Copper  vapour  lasers  attracted  attention  owing  to 
their  hlgh  efficiency  In  the  visible  région  of  the 
spectrum.     In  conventional  copper  vapour  lasers,  a 
température  of  1 500°C  is  needed  to  achieve  the  re- 
quired  vapour  pressure.    A  lower  température  ('«ÛO^C 
-600°C)   is  required  In  a  double-pulse  lasers  using 
copper  halldes  (1,2).  Thèse  températures  are  usu- 
ally  obtalned  by  power  dissipation  of  the  applied 
discharge  opcrated  at  a  relatively  high  répétition 
rate  (3).    A  promising  method  for  decreasing  the 
working  température  of  a  copper  vapour  laser  is  the 
pulsed  introduction  of  vapour  into  the  working  vo- 
lume of  the  laser  . 

Copper  vapour  laser  with  inductively  produced 
copper  plasma,  which  is  accelerated  by  a  pulsed  ma- 
gnetic  fleld,  opérâtes  at  room  température  In  a 
double-pulse  mode  (7).    The  magnetic  fleld  was  ge- 
nerated  by  the  discharge  of  a  capacitor  1,0.7  pF, 
30K\/)  through  a  solenold  mounted  outside  a  glass 
tube  (10cm  bore  and  175cm  long)  fi  lied  with  hélium. 

The  population  densitles  of  both  the  ground  and 
^D^^2  metastable  states  of  copper  atoms  were  derl- 
ved  from  measurements  of  the  optical  absorption  at 
32't.7nm  and  510. 6nm,  respect  1  vel y ,  over  a  wide  range 
of  the  hélium  pressure.     Thèse  measurements  were 
made  along  the  tube  axis  and  across  the  tube  to  ell- 
minate  the  Influence  of  the  hétérogène i t i es  of  the 
copper  vapour  moving  in  the  axis  direction  at  the 

instant  of  vapour  production. 

A  triggered  xénon  flash  tube  was  used  as  the  sour- 
ce for  absorption  measurements. 

A  lens  focused  the  light  onto  the  enterance  sllt 
of  a  1-m  monochromator  equipped  with  lOum  slits  and 
a  photomul tlpl ier  tube  (PMT)  at  the  exit  sllt. 

The  PMT  signal  was  displayed  on  an  oscilloscope 
and  recorded  on  Polaroid  film. 

Ground  state  and  metastable  copper  densitles  were 
computed  from  the  measured  absorption  by  employing 


Ihe  niethods  described  by  Mitchell  and  Zemansky  (8). 
The  absorption  coefficient  of  the  copper  ground  sta- 
te or  metastable  state  was  obtalned  using  the  Voigt 
profile,  which  includes  the  effects  of  Doppler,  na- 
tural  résonance,  and  Van  der  Waals  broadening.  The 
hyper-fine  structure  and  isotope  shift  were  taken 
into  account  In  the  calculatlon. 

The  temporal  variation  of  the  température  in  the 
.ifterglow  was  studied  by  fast-scaning  Fabry-Perot 
spectroscopy  (9)'.  The  température  of  the  copper 
vapour  was  determined  from  the  Doppler  broadening 
of  the  521. 8nm  copper  line.This  line  was  selected 
in  order  to  exclude  isotope  shift  effects. 

The  température  measurements  were  made  across  of 
the  tube  to  exclude  the  velocity  broadening  effects 
of  the  moving  copper  vapour  along  the  axis  direction. 

The  temporal  variation  of  the  température  of  the 
copper  vapour  (Fig.l)  was  taken  Into  account  for 
line  profile  interprétation. 
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The  sllt  functlon  was  determined  with  the  help  of 
a  copper  hol low-cathode  lamp.    The  sllt  functlon  was 
used  to  calculate  absorption  coefficients  from  a 
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continuum  radiation  source. 

The  densities  of  both  the  ground  and  metastable 
States  of  copper  atoms  with  hélium  at  différent 
pressures  are  shown  in  Fig.  2. 

Only  measurements  of  the  ground-state  densities  at 
higher  hélium  pressures  are  shown  as  metastable  le- 
vels  were  not  détectable. 

The  metastable  levai  density  decays  rapidiy  from 
an  initially  high  value  wh i 1 e  the  ground-state 
densities  exist  up  to  2ms.  without  noticable  changea 
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In  our  experiments  a  longitudinal  excitation  puise 
from  a  3500pF  capacitor  charges  to  30K\/  was  applied 
300-200O;4Sec  af ter  the  vapour  production.  Lasing  was 
obtained  only  with  low  hélium  pressure  (2  torr) , 
because  of  the  difficulty  of  obtaining  a  longitudi- 
nal glow  discharge  between  électrodes  separated  by 
175  cm. 

The  maximum  laser  output  energy  was  lOmJ  with  a 
puise  duratlon  of  150nsec.  lasing  on  both  green  and 
yellow     llnes  was  detected.  The  mentioned  laser  ene- 
rgy was  obtained  without  optlmization  of  laser  para- 
meters . 

Study  of  hIgh  efficiency  copper  lasers  with  pulsed 
production  of  vapour  Is  carried  out  by  the  authors. 
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For  the  investigation  of  slow 
changes  in  the  composition  of  gas 
mixtures  in  cw  C02-lasers,  several 
methods  have  been  used:  gas  sample 
bottles  for  mass  analysis  /1,2/;  side- 
-light  émission  of  the  4835  A  (0-1) 
Angstrom  band  of  00  /3/;  freezing  out  of 
the  mixture  in  liquid  nitrogen  and  gas 
chromatography  /4/;  mass  spectrometer 
Joined  to  the  System  /5,6/  etc.  We  used 
the  changes  in  parameters  of  self-excited 
ionization  waves  /?/  for  continuous 
registration  of  temporal  changes  of  the 
state  of  the  mixture  of  00^,  00,  and 
He.  The  dispersion  cui'ves  of  the 
ionization  waves  were  taken  by  the  method 
given  in  /&/.  At  the  end  of  the 
experiment,   i.e.  when  the  discharge  ceased 
to  operate  due  to  the  expansion  of  the 
cathode  fall    alraost  over  the  whole  tube, 
the  discharge  tube  was  connected  to  the 
manometer  and  to  the  mass  spectrometer  to 
measure  the  total  pressure  and  composition 
of  the  remaining  gas  mixture. 

The  tube  2.2  cm  in  diameter  was  water 
cooled,  made  of  Pyrex  glass,  with 
cylindrical  nickel  électrodes  and  the 
électrode  distance  was  70  cm.   Two  wire 
probes  placed  7  and  13.6  cm  from  the 
cathode  were  used  to  measure  the 
longitudinal  electric  field  in  the 
discharge  positive  column.  The 
measurements  were  accomplished  in  the 
mixture  1  Torr  CO2  +  1  Torr        +  1  Torr  He 
at  a  constant  current  of  40  mA.  The  tube 
was  sealed  off  before  the  experiment.  To 
achieve  the  shortest  possible  lifetime  of 
the  gas  fill  the  tube  was  designed  with 
minimiim  ballast  volume. 

Pig.  1  is  one  example  of  the  obtained 
time  dependencies .   The  ionization  wave, 
which  is  of  the  forward  anode  directed 
type,  changes  its  parameters  slowly  until 
24  hours.  At  this  moment  a  point  is 
reached  where  the  wave  converts  in  a 
relatively  short  time  into  a  backward  wave 
with  cathode  directed  phase  velocity.  The 
bending  of  the  frequency  dependence 
upwards  followed  by  change  of  its  sign 
(and,  hence,  of  the  direction  of  phase 
velocity)  can  be  attributed  to  growing 
influence  of  hélium,  which  itself  has  only 
backward  ionization  waves  /9/.   In  another 
experiment  where  only  1  Torr  OOp  +  1  Torr 
He  mixture  was  used,  the  resuit  was 
qualitatively  identical,  i.e.  with  helium- 
-like  backward  waves  observed  in  the  end 
of  the  experiment.  The  abrupt  fall  in 
wave  number  as  well  as  the  falling 
electric  field  corroborate  the  latter 


conclusion,  i.e.  the  diminishing  abundance 
of  molecular  gases. 

Surprisingly ,  under  the  initial 
partial  pressures  given  in  Pig.  1,  the 
total  pressure  in  the  end  of  the 
experiment  was  found  equal  to  0.26  Torr 
which  was  signif icantly  lower  than  the 
initial  partial  pressure  of  each  of  the 
three  gases  including  hélium.  As  expected 
according  to  the  observed  wave  pattern, 
the  mass  spectrometer  revealed  that  the 
main  remaining  gas  was  He ,  with  00  and/or 
Np  and  Op  not  exceeding  their  (rather 
strong)  background  measured  prior  to  the 
connection  of  the  expérimental  tube  to  the 
spectrometer  chamber.   There  was  no  peak 
corresponding  to  OOp. 

Comparing  thèse  results  with  mass 
spectrometer  measurements  of  Oarbone  /!/, 
we  conclude  that  the  slow  changes  of  the 
electric  field,   the  wave  number  and  the 
frequency  of  the  forward  ionization  wave 
correspond  to  the  known  slow  decrease  of 
OOg  during  the  discharge  opération  (COp, 
00  and  O2  being  adsorbed  and  chemisorbed 
on  the  tube  walls  and  on  the  électrodes). 
The  rather  abrupt  change  around  24  hours 
accompanied  by  a  drastic  fall  of  pressure 
must,  however,   correspond  to  another 
phase  of  the  changes  in  the  mixture  of 
which  only  the  very  beginning  was  observed 
/!/.  Indeed,   the  abrupt  fall  of  pressure 
begins  apparently  when  ail  OOp  molécules 
are  dissociated  and  corresponding  oxygen 
part  is  absorbed.  Dissociation  of  00 
molécules  with  further  loss  of  oxygen  then 
leads  to  the  observable  thin  layer  of 
Carbon  deposit  on  the  tube  walls  near 
cathode.  This  carbone  deposit  in  tirrn 
should  cause  further  adsorption  of  hélium 
and  nitrogen  ending  in  an  appréciable 
lowering  of  the  total  pressure.  Ohemical 
analysis  proved  at  the  same  time  a 
considérable  amount  of  nickel  nitride 
formed  at  the  cathode  région. 
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Pig.l.   Time  dependencies  of  the  electric 
field,   the  wave  number  and  the  frequency 
of  the  ionization  wave.   The  minus  sign  of 
the  latter  parameter  désignâtes  the 
cathode-» anode  directed  phase  velocity 
Vp  =  w  /k.  ïïear  the    w  =  0  transition 
point  (at   '«24  hours)  the  frequency 
measurement  was  inaccurate  due  to  very 
flat  maximum  of  the  incrément  curve. 
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A  comprehensive  analysis  of  col  1 isional ly 
indiiccd  dissociation  (Eqn.    1)  under  equilibrium 
and  nonequi 1 ibrium  conditions  bas  been  perf ormed^ ^ ] 
Solutions  of  the  set  of  coupled  non-linear  differ- 
ential  équations  (Eqn.   2)  for  each  of  the  vibra- 
tional  levais  and  the  continuum,  known  as  the 
MasTer  equat i on,  bave  been  achieved  for  both  steady 
State  and  t ime-dependent  conditions. 

AB(v,J]  +  M  — >     A+B+M  (1) 
■T^-i.k 
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dénotes  the  concentration  of  molécules  in  state 
1,  and  the  R's  represent  generalized  rate  coeffic- 
ients for  the  population  or  dépopulation  of  state 
1  involved  in  collisional  energy  exchanges  between 
States  i,  j  and  k.  The  Master  équation  was  solved 
under  the  physically  realistic  assumptions  that 

1)  the  translational  and  rotational  degrees  of 
freedom  are  in  complète  Boltzmann  equil  ibrium. 

2)  the  molécules  in  each  vibrational  state  are 
treated  as  separate  species.     7i)  only  single 
quantum  vibrational  exchanges  occur.     4)  the 
molécule  is  represented  as  a  Morse  oscillator 
rigid  rotator  System.     The  time    dépendent  solution 
for  thermal  dissociation  conditions  (e.g.,  shock 
heating,  4000°K)  bas  established  that  the  vibra- 
tional energy  distribution,  VED,  rapidly  attains 

a  pseudo-steady  state  (Fig.   1).     This  steady  state 
distribution  déviâtes  from  the  equilibrium  distri- 
bution because  of  vibrational-dissociation  coupl- 
ing.     That  is,  the  depletion  of  high  level 
populations  substant ia 1 ly  reduces  the  dissociation 
rate  from  that  which  would  be  obtained  if  the 
coupling  were  not  considered.     A  comparison  of 
induction  timcs  gave  good  agreement  except  at  very 


high  températures  where  multiple  quantum  V-T  trans- 
itions begin  to  contribute.     The  results  show  that 
the  standard  ladder  model  predicts  dissociation 
rates  that  are  too  low  and  that  rotational  effects 
must  be  included  in  the  model.     Agreement  is 
further  improved  by  including  equal  energy  trans- 
itions involving  a  quasi-bound  vibrational- 
rotational  level   (Fig.  2). 

As  an  example,  dissociation  rates  were 


02 

m 

derived  for  the  highly  non-equi 1 ibrium  conditions 
that  occur  in  carbon  monoxide  discharges.  lloavy 
particle  and  électron  impact  dissociation  bave 
been  compared  (F-'ig.  ^]  .  The  dissociation  due  to 
électron  impact  was  derived  using  a  steady  state 
solution  of  the  collisional  Boltzmann  équation. 
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■"'S  ^  Comparison  ol  Electron  and  Heavy  Parlicle  Dissociation 

This  showed  that  the  effective  dissociation  con- 
stant is  a  strongly  increasing  function  of  E/N  and 
it  is  also  enhanced  by  superelastic  collisions  and 
by  the  reduced  dissociation  threshold  of  the  vibra- 
tionally  excited  species.     Examination  of  the  heavy 
particle  kinetics  revealed  the  temporal  development 
of  the  tliree  charac  leristic  régions  of  tiie  VEu. 
The  calculated  VED  showed  good  agreement  with  the 
expérimental  data  of  Rich'-^-'.     The  prédictions  are 
that  électron  impact  dissociation  always  dominâtes 
the  heavy  particle  rate  for  discharges  of  interest 
in  carbon  monoxide.     However,  experiments  have  also 
been  made  récent ly  on  optically  pumoed  dissociation 
of  carbon  monoxide*-^-* .     Calculations  made  with  the 
models  for  thèse  conditions  yielded  dissociation 
rates  that  appear  to  be  much  lower  than  those 
indicated  by  thèse  experiments  (Fig.  4).     We  . 
therefore  propose  that  a  more  efficient  channel  for 
CO  dissociation  must  exist.     Alternative  processes 
that  appear  to  satisfy  the  expérimental  observa- 
tions are  (a)  multi-quantum  V-V  exchange  and/or 
(b)  vibrational  to  electronic,  V-e  exchange: 

CO(V)  +  CO(V')-^  C  +  0  *  CO(V")  (3) 
CO(V]  +  COCV')-^CO*  +  CO(V")  (4a) 
CO*      +  CO(V)        CO^  +  C  (4b) 
The  observed  isotopic  enhancement  in  dissociation 
products,  the  similar  dependence  on  the  Treanor  or 


5  IB  IS  ;B  ;s  30  35 


Fig.  4  Optical  Pumping,  Heavy  Partical  Dissociation  Constant 

plateau  régions  of  the  VED  and  therefore  also  the  , 
pumping  and  the  température  dependencies ,  will  not 
give  the  relative  importance  of  the  mechanisms. 
However,  the  primary  dissociation  products  (Eqns. 
(3)  and  (4b))  should  be  identifiable  by  ma-ss- 
spectroscopy.     The  présence  of  0^  would  favor  the 
V-V  mechanism  whereas  the  présence  of  CO^  would 
tend  to  indicate  the  dominance  of  the  V-e  exchange. 
In  addition,  the  activation  énergies  for  the  V-V 
and  V-e  mechanisms  differ:     for  the  V-V,  E  +E 
where  D^=lleV,  while  for  V-e,E^+E^E*  where  E*  is 
the  energy  of  the  reacting  electronic  state,  6.2eV 
for  CO(a^Tr).     Thus  it  should  be  possible  to  dis- 
tinguish  between  the  two  mechanisms  by  titrating 
hélium  to  alter  the  VED  and  simultaneously  monitor- 
ing  the  Swan  band  intensity  (from  C  +  C  ->  C^* 

+  h-O)  to  establish  the  dependence  of  k^^  with  the 
location  of  the  "knee"  of  the  VED. 

1.  W.   F.   Bailey,  PhD  Thesis,  US  Air  Force  Insti- 
tute  of  Technology,  (1978). 

2.  Rich,  J.  W.,  R.  C.   Bergman,  and  M.  J.  Williams 
"Measurement  of  Kinetic  Rates  for  Carbon  Monoxide 
Laser  System."    Calspan  Report  No.  WG-6021-A-1, 
November  (1977). 
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TWO  NOVEL  HCD-STRUCTURES  FOR  CuD-LASERS  AfSO  THEIR  PERFORMANCE 
H.J.  Eichler,  H.Koch,  J.  Paffenholz,  J.  Salk  and  G.  Skrobol. 

Optiaahes  Institut  TU  Berlin,  Sekr.  pli  Str.  d.   17.  Juni  126,  1000  Berlin  12. 


The  major  problems  of  sputtering  hollow 
cathode  devices    (HCD)    for  high  continuous 
power  opération  of  CuII-lasers  /^/  are  dis- 
charge instability  and  losses  of  Cu-vapour, 
He-Ions  and  light  quanta. 

The  following  constructions    (fig.    1   and  3) 
were  designed  considering  thèse  criteria. 
The  first  design  applies  the  type  of  HCD 
introduced  by  White  /2/.   The  advantages  of 
thèse  cavity  hollow  cathodes  (exceptionally 
high  stability  and  minimum  losses)    can  be 
used  for  CuII-laser  opération  by  lining  up 
the  cavity  hollow  cathodes  and  Connecting 
them  by  a  bore  which  constitutes  the  laser 
tube.   Two  anode  rods  are  opposing  the  aper- 
tures  of  the  cavity  cathodes.   Both  anodes 
and  the  cathode  arrangement  are  watercooled. 
As  this  design  is  still  in  the  development 
stage  fig.   2  shows  the  discharge  voltage 
and  the  laser  output  <^  vs.   the  discharge 
current  I  at  a  total  pressure  of  1 5  mb  for 
not  optimized  conditions.  The  parameters 
are  as  follov/s: 
laser  bore  diameter:   4  mm 
laser  bore  lengt 
cavity  aperture 
cavity  spacing 
resonator:   fully  reflecting  mirror  and  an 
1   %  transmittance  mirror,   both  with  radius 
of  2  m. 

He:Ar  mixture  of  pressure  ratio  2o:1, 
total  pressure:    15  mb. 

Fig.    1   Cavity  hollow  cathode  laser 

Fig.   2  U(I)-  and  <t>  (I) -characteristics  of 

the  first  design 
Fig.   3  Cylindrical  hollow  cathode  laser 

tube 

Fig.   4  U(I,p)-  and  <)>  { I ,  p) -character  istics 
of  the  second  design 


3oo  mm 
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The  second  design  consists  of  watercooled 
cylindrical  hollow  cathodes.   High  stabili- 
ty  and  minimization  of  losses  were  obtained 
with  this  structure  by  employing  a  small 
cathode-anode  gap,   that  provides  a  restric- 
tion of  the  discharge  to  the  laser  bore 
only.  Fig.   4  exhibits  the  dependences  of 
discharge  voltage  U  and  laser  multiline 
(74o-79o  nm)    output  ^  on  the  discharge  cur- 
rent  I  and  the  total  gas  pressure  p  {He:Ar 
=  2o:1)   for  an  HCD-arrangement  consisting 
of  4  cathodes  with  5  mm  bore  diameter  and 
4o  mm  length.  The  U (!) -characteristics 
display  the  reverse  branches  of  the  indi- 
cated  full  U{I)-curve. 

It  is  known,   that  the  HCD-perf ormance  is 
strongly  dépendent  on  the  cathode  bore  geo- 
metry.  To  our  knowledge  we  have  investiga- 
ted  the  geometry  dependence  of  the  laser- 
HCD-parameters  for  the  first  time  quanti- 
tatively  in  this  high  current  and  pressure 
range.  Fig.   5  reveals  the  influence  of  the 
hollow  cathode  bore  geometry  on  the  U(I)- 
and  the  <))( I) -characteristics  (active 
length  1 6o  mm) . 


U{I)-  and  <^(I)-  dependence  on  the 
HCD  geometry 

Efficiency  vs.   discharge  current  fo] 
différent  cathode  bore  diameters 
Laser  output  pov/er  saturation 


hows  the  dependence  of  the  effici- 
ency  (e.g.   laser  output  power  divided  by 
the  product  of  discharge  voltage  and  cur- 
rent)  on  the  discharge  current  for  diffé- 
rent cathode  bore  diameters    (8  cathodes  of 
2o  mm  length)  .   Vve  employed  anodes  of  vari- 
ous  bore  lengths    (2-6  mm)    and  bore  diame- 
ters,  that  were  equal  and  up  to  4  mm  biggei 
than  the  cathode  bore  diameters,  without 
any  appréciable  change  in  discharge  vol- 
tage and  laser  output. 

Finally  we  were  able  to  observe  for  the 
first  time  saturation  of  the  78o,8  nm  la- 
ser line  at  high  discharge  currents.  VJith 
only  one  cathode  segment  of   3o  mm  length 
and  7  mm  diameter  it  was  possible  to  ob- 
tain  14  A  discharge  current  without  dama- 
ging  the  device.   Fig.   7  shov:  s  measurements 
of  the  saturation  of  the  IR-laser  output 
for  He:Ar  mixtures  with  différent  pressure 
ratios . 
Références  : 

/I/  B.E.  Warner  et  al,   IEEE  J.  Quant. 

Electr.,  Vol.  QE-1 4 ,  No.  8,  568  (1978) 
/2/  A.D.   White,   J.   Appl.   Phys . ,    3o,  711 
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THEORETICAL  STUDY  OF  NEGATIVE  ABSORPTION  FOR  H"  AFFINITY  RADIATION 

M.  Neiger. 

Ruhr  Univevsity  Boahum,  Allgemeine  Elektroteahnik  und  Elektrooptik,  4630  Boohum,  F.R.G. 


INTRODUCTION 

Free-bound  radiative  transitions  of  élec- 
trons forming  négative  hydrogen  ions  are 
an  important  source  of  continuous  radia- 
tion in  dense  hydrogen  plasmas  of  low  de- 
gree  of  ionisation  /1,2/.    It  was  first 
suggested  in  /3/  that  it  might  be  possible 
to  obtain  population  inversion  for  this 
kind  of  phototransition.   The  aim  of  the 
présent  work  is  to  theoretically  investi- 
gate  the  possibility  of  this  kind  of  né- 
gative absorption  during  the  early  after- 
glow  stage  of  a  short-circuited  non-LTE 
hydrogen  arc  plasma. 
ESTIMATE  OF  OPTICAL  GAIN 

The  basic  processes  which  have  to  be  con- 

sidered  are  absorption  by  photodetachment 

(cross-section  6^,   .  )  , 
det 

H     +  h>r        e  +  H, 
and  stimulated  émission  by  induced  radia- 
tive attachment, 

e  +  H  +  hY-      H~  +  2  hr. 
Without  assuming  thermal  equilibrium  and 
with  the  only  assumption  of  Maxwellian 
distributed  kinetic  particle  énergies  the 
optical  gain  per  unit  length  oc  (A)    can  be 
expressed  in  terms  of  the  photodetachment 
cross-section  ^^^^   (^) »   the  H~  binding 
energy  EA   (électron  affinity) ,   and  the 
particle  number  densities  n  and  statisti- 
cal  weights  g  respectively   (e  -  électron, 


O  • 


H-atom,  -  -  H  -ion) : 


OC 


Obviously  positive  gain  oc  ">  cr  occurs  for 
small  enough  négative  ion  densities  n_. 
The  threshold  condition  for  "population 
inversion",   i.e.   positive  gain,  is 

where  hv  >  EA  and  the   factor  F  accounts 


for  absorntion  losses  due  to  other  radia- 
tion processes,   e.g.   electron-atom  brems- 
strahlung  or  électron-positive  ion  brems- 
strahlung  and  photoionisation^ both  of 
which  will  be  inevitably  présent.  An  esti- 
mate  of  the  optical  gain  values  expected 
for  negligible  négative  ion  densities  in 
a  high  density,   low  température  hydrogen 
plasma    (n^^lO^^  cm'^,   n^/n^  a,  1  % ,  Tg«1eV, 
^=   1.3^andC^g^  =  2  x  10"'''^  cm^)  yields 
a  value  of  OC  <«•  0.01  cm~^. 

POPULATION   INVERSION  BY  PLASMA  RELAXATION 
The  case  of  an  electric  arc  plasma  is  con- 
sidered  here.   It  is  well  known  for  the 
case  of  high  density,   low  température  hy- 
drogen arcs    (p  »  1-10  bar,  Tg«.  1-2  eV) 
that  the  électron  température  T^  can  ex- 
ceed  the  heavy  particle  température  T^  con- 
siderably  /4/.  A  transient  population  in- 
version may  be  achieved  in  such  a  case  by 
rapidly  removing  the  arc  maintaining  elec- 
tric field  via  a  short  circuit  and  hereby 
cooling  down  the  électrons  to  the  gas  tem- 
pérature T   .   If  the  short  circuit  switch 
is  operated  at  time  t^,   the  following  plas- 
ma conditions  are  expected  shortly  before 
(t~)    and  after    (t^)  switching: 

t~:       n,n     =n.,T    >T  . 

o  o  '     e         1  '     e  g 

-t"*":   -  T     drops  to  T^  with  a  time 
•-o  e  g 

constant  t       ^0  ns  /5/, 

-  no  change  of  n   ,  n   ,   n . ,  T 
'  o       e       1  g 

takes  place  for  about  100  ns  /4/. 

The  most  interesting  parameter  in  the  pre-- 
sent  case  is  the  H~  equilibrium  density 
^'^-^equ*   Calculations  of  rates  of  forma- 
tion and  destruction  of  H~ions  in  a  fully 
dissociated  and  partly  ionized,  stationary 
hydrogen  plasma  show  that  n_  densities  are 
in  Saha  equilibrium  with  the  électron  tem- 
pérature Tg  for  plasma  conditions  of  in- 
terest  here    (ng  «   10^^  cm"^,   ng/nQ*  1%, 
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»    0.5-5  eV) .    Rapidly  cooling  down  the 

électrons  from  T     >  T     to  T     =  T  without 

e        g  e  g 

a  corresponding  change  in  n_  yields  "under- 
population"  with  respect  to  Saha  equili- 
brium  of  négative  hydrogen  ion  states  for 
durations    '^' <»  100  ns  after  t^.  The  cor- 
responding calculations  yield  minimum  tem- 
pérature ratios  T^/T^  before  switching, 
above  which  transient  négative  absorotion 
(  oc>  0)   results  : 

Fig.    1   shows  limiting  curves    (T  /T  )  . 

e'  g'mm 

for  ce  =  0  as  a  function  of  électron  tem- 
pérature before  switching  for  différent 
loss  figures  F (F  =  1   corresponds  to  no 
losses  présent) .   Thèse  curves  hold  for  the 
wavelength  A  =  1 . 6^  which  is  close  to  the 
long  wavelength  threshold  of  the  hydrogen 
af f inity  continuum.  With  respect  to  ^  ,  a 
range  /^j„j^j^<  ^  <  1.6^exists  for  each  ra- 
tio T^/Tg  within  which  positive  gain  is 
possible  after  switching.   Fig,   2  shows 
such  limiting  curves  ^^^^  for  (X=  G,  F  =  1 
as  a  function  of  the  température  ratio 
Tg/Tg,  with  Tg  before  switching  as  a  para- 
meter . 
CONCLUSION 

It  has  been  shown  theoretically  that  con- 
sidérable optical  gain  of  the  hydrogen 
affinity  continuum  is  possible  in  a  high 
density  hydrogen  plasma.  The  necessary  po- 
pulation inversion  can  be  achieved  in  a 
transient  way  by  a  fast  short  circuit  of 
a  stationary  hydrogen  plasma  of  low  degree 
of  ionisation  with  its  température  Tg 
(T^  ^  1-5  eV)    exceeding  the  heavy  tempéra- 
ture "Ij.  by  factors  2-5.   Expérimental  réali- 
sation of  this  concept  seems  difficult, 
but  it  v/ould  provide  continuously  tunable 
laser  radiation  from  A=  1  .  6^  dov/n  to  the 
visible  région. 
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REALISATION  ET  EXPERIMENTATION  D'UN  LASER 


A  VAPEUR  DE  CUIVRE 


Laboratoire  de  Photoeteatriaite,  Faculté  des  Saienaes  et  Techniques  de  Saint-Jér-Ôme , 
16397  Marseille  Cedex  4. 


1.  PRINCIPE.  Les  lasers  à  vapeur  métallique  sont 
d'un  intérêt  considérable  en  raison  de  leur  effica- 
cité potentielle  et  de  leur  bonne  puissance  de  sor- 
tie en  impulsions  dans  le  spectre  visible.  Le  laser 
à  vapeur  de  cuivre  est  certainement  l'un  des  plus 
intéressant  en  raison  de  la  position  privilégiée 
des  niveaux  d'énergie  électroniques  de  l'atome  de 
cuivre  qui  interviennent  dans  l'effet  laser  (fig.l). 


Pour  obtenir  l'effet  laser  dans  la  vapeur  de  cuivre, 
iV  faut  : 

1/  Disposer  d'un  milieu  présentant  une  concentra- 
tion en  atomes  de  cuivre  de  10"^^  à  lO'^^  cm  néces- 
saire au  piégeage  de  la  radiation  de  résonance. 
Ceci  correspond  à  une  pression  de  0,1  torr  et  néces- 
site d'atteindre  des  températures  de  l'ordre  de 
1500°C  si  l'on  utilise  du  cuivre  pur.  Si  l'on  fait 
intervenir  des  composés  du  cuivre,  halogénures  /!/, 
ou  organométalliques  /2/,  des  températures  inférieu- 
res à  SOÛ^C  seulement  sont  nécessaires. 
2/  Exciter  le  milieu  par  une  décharge  électrique 
transversale  ou  longitudinale.  Un  gaz  tampon  sous 

quelques  dizaines  de  torr  favorise  cette  décharge. 
3/  Placer  le  milieu  actif  dans  une  cavité  laser. 

Pour  porter  ce  milieu  à  la  température  nécessaire, 

on  peut,  soit  utiliser  un  four,  soit  récupérer  la 

chaleur  dissipée  au  cours  de  la  décharge  /4/. 


Nous  décrivons  ci-après  les  expériences  que  nous 
avons  réalisées  avec  cette  deuxième  solution. 
2.  DISPOSITIF  EXPERIMENTAL,  (fig.2).  La  décharge  se 
fait  entre  deux  électrodes  annulaires,  distantes  de, 
250  mm  dans  un  tube  d'alumine.  Entre  les  deux  élec- 
trodes, une  nacelle  en  alumine  contient  le  cuivre. 
Le  tube  d'alumine  est  entouré  de  3  réflecteurs  en 
molybdène  brillant,  servant  à  diminuer  les  pertes 
de  chaleur  par  rayonnement  et  à  constituer  ainsi  un 
four  dans  la  partie  centrale.  Ce  four  est  contenu 
dans  une  enceinte  à  double  paroi  en  acier  inoxyda- 
ble refroidie  par  eau,  dans  laquelle  on  peut  faire 
le  vide.  A  chaque  extrémité  le  montage  se  termine 
par  des  fenêtres  optiques  inclinées  selon  l'angle 
de  Brewster.  L'anode  est  reliée  à  l'enceinte  métal- 
lique et  la  cathode  au  support  de  fenêtre  de 
Brewster  qui  sert  de  passage  électrique. 


Le  générateur  d'impulsions  utilise  un  thyratron 
ex  1535  selon  un  montage  classique  (fig.3).  L'ali- 
mentation continue  peut  fournir  15  kV  sous  1  A.  En 
faisant  varier  les  valeurs  de  C  et  L^,  on  peut 
travailler  à  des  fréquences  comprises  entre  5  et 
10  kHz.  La  diode  D^^  sert  à  bloquer  la  surtension 
née  entre  la  self  et  les  condensateurs,  la  diode 


C7-  384 


D2  et  la  résistance  de  600  Q  protègent  le  thyratron 
des  impulsions  inverses. 


Th:  thyratron  CX  1535    t!l:  tube  laser 


3.  RESULTATS.  En  fonctionnement,  la  fréquence  des 
impulsions  est  de  5  kHz,  la  tension  continue  est 
de  7,5  kV  aux  bornes  de  l'alimentation,  ce  qui 
donne  une  surtension  de  15  kV  sur  les  condensateurs. 
L'énergie  consommée  par  l'alimentation  est  de 
(2,2  ±  0,2)  kW. 

La  durée  de  l'impulsion  électrique  est  de  2  ps. 
Le  courant  crête  est  de  Tordre  de  700  A  pour  une 
largeur  à  base  de  200  ns.  L'impulsion  laser  a  une 
largeur  à  mi-hauteur  de  20  ns.  Le  système  émet  sur 
les  deux  longueurs  d'onde  :  verte  5105  A  et  jaune 
5782  A.  On  peut  rendre  prépondérante  l'une  de  ces 
deux  longueurs  d'onde  :  jaune  en  augmentant  la  ten- 
sion de  charge  des  condensateurs,  verte  en  diminuant 
Tune  ou  l'autre,  ce  qui,  en  définitive,  fait  varier 
la  température  de  la  vapeur  de  cuivre. 
Dans  les  premières  expériences,  nous  avons  mesuré 
une  énergie  par  impulsion  de  2  à  5  pj    pour  des 
valeurs  de  la  pression  d'Argon  de  10  à  15  Torr, 
l'énergie  augmentant  quand  la  pression  diminue. 
Cette  énergie  est  inférieure  à  celle  que  nous  avions 
obtenue  préalablement  -  11,5  yj  -    avec  un  laser 
chauffé  à  1 'aide  d' un  four. 

Nous  nous  proposons  d'optimaliser  ces  conditions  de 
fonctionnement  de  façon  à  augmenter  la  puissance 
de  sortie  et  améliorer  la  fiabilité  du  système. 


REFERENCES. 

/!/  S.  GARAY,  I.  SMILANSKI,  L.A.  LEVIN,  G.  EREZ 

IEEE  J. Quant. Electronics,  QE-13,  n°  5,  1977,  36 

/2/  A.J.  ANDREWS,  CE.  WEBB,  R.C.  TOBIN,  R.  DENNINGr 
Opt.Comm.,  22,  n°  3,  1977,  272 

/3/  W.T.  WALTER,  N.  SOLIMENC,  M.  PILCH,  G.  GOULD 
IEEE  J. Quant. Electronics,  QE-2,  1966,  474 

/4/  B.G.  BRICKS,  T.W.  KARRAS,  T.E.  BUEZACKI,  \ 
L.S.  SPRINGER,  R.S.  ANDERSEN 
IEEE  J. Quant. Electronics,  QE-11,  1975,  570 

Ce  travail  a  bénéficié  de  l'aide  de  la  DRET 
(Contrat  78/1069). 


F19.4-  Visualisation  de  IMnpulsion  laser.  f5nn<i/r  ;  50nV/c) 


Colloque  C7 ,  supplément  au  n°7.  Tome  40,  Juillet  1979,  vage  C 


^EASUREMENT  OF  THE  ELECTRON  ENERGY  DISTRIBUTION  IN  A  CO^  LASER  PLASMA 
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Introduction 

Much  theoretical  work  has  been  carried  eut  on 
COg  laser  plasmas  in  order  to  understand  the 
excitation  mechanisms  and  to  optimize  the  laser 
efficiency.  The  électron  energy  distribution 
(EED)  is  obtained  by  numerical  solution  of  the 
Boltzmann  équation. The  différent  excitation  rates 
are  then  obtained  by  a  convolution  of  the  cal- 
culated  EED  and  the  excitation  cross  sections. 
/l,2/.  Direct  measurement  of  the  EED  wovdd  be 
difficult  in  high  pressure,  high  çurrent  laser 
discharges.  However  we  can  obtain  valuable  info- 
rmation if  we  perform  the  measurement  in  a  D.C 
glow  dischaxge  at  low  pressure.  It  tums  out 
that  the  essential  parameters  ,  the  reduced  field 
E/N,the  reduced  cuxrent  density  j/N  ,  the  ratio 
of  the  electronic  density  to  the  neutraldensity 
are  the  same  as  in  high  pressure  discharges. 
Experiment 

Ail  meas\irements  were  conducted  in  a  2/1/I 
He-N^-CO^  mix  at  0.55  Torr,  in  a  80  cm  long  , 
65  mm  int  .  diam.  Pyrex  tube.  The  axial  electric 
field  was  measured  between  two  probes  15  cm  apart. 
The  plane  Langmuir  probe  is  situated  between 
the  two  probes  and  is  perpendicular  to  the  axis. 
A  thermocouple  gives  the  temperat\ire  of  the 
neutral  gas .  Ail  probes  are  located  10  mm  of f  the 
center  of  the  tube. The  discharge  was  stable  for 
currents  ranging  from  80  to  5OO  mA.  We  have 
noticed  six  striations  between  the  anode  and  the 
cathode.  The  last  striation  next  to  the  cathode 
was  clearer  indicating  décomposition  of  COp  into 


GO.  The  electronic  density  could  be  obtained 
fron  the  Langm\iir  probe  satijration  current  ,  the 
values  agreed  within  30      with  the  intégral  of 
the  distribution  function.  This  one  was  determinei 
from  the  second  derivative  of  the  probe  ciirrent, 
obtained  with  the  second  harmonie  .  The  modulation 
frequency  was  45O  Hz  . 
Results 

Two  séries  of  expérimenta  were  done,  one  at 
constant  flow,  the  other  one  at  constant  current. 
The  essential  data  and  measurements  of  the 
température,  electronic  density  and  reduced 
field  are  reported  in  Table  1.  The  EED  for  each 
séries  are  depicted  in  Pig.  1  and  2.  We  see  that 
varying  the  current  has  a  relative  little  effect 
on  the  field  .  On  the  other  hand,  the  EED  is 
considerably  modified.  This  effect  was  also 
observed  by  Polak  et  al.  /5/  in  pure  CO^  at 
2  Torr,  however  the  low-energy  part  of  the  EEID 
decreased  with  increasing  current  while  in  our 
case  the  reverse  is  observed.  We  suggest  the 
following  hypothesis  :  at  higher  current  more 
molec\iJ.es  are  decomposed  and  the  resulting 
products  then  slow  down  the  électrons.  This 
hypothesis  is  confirmed  when  we  investigate 
the  effect  of  the  flow  for  a  given  current. 
The  concentration  of  slow  électrons  increases 
when  the  flow  is  reduced  or  stopped,  whereas 
the  EED  becomes  wider  with  an  important  flow. 
Ih  the  fast  flow  régime  ,  the  effect  can  Rtill 
be  reinforced  by  decreasing  the  current  as 
depicted  in  Fig.  5- 
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For  thèse  conditions  the  electronic  density  is 
reduced  by  a  factor  of  2  and  the  discharge  tends 
to  vanish. 


TABLE  I. 


Experiment  No      I         II  m 


IV 


VI 


flow  rate  ,  ^ 

(cc/min  STP)  ^  1  1  0  5  5 
current,  mA      100       I50      250      250      250  25O 


température 

X  lO-l^cin-2 
electronic 
density 
X  10^  /ce 


iclusion 


42  50  60  62  60  60 
2.0  2.5  2.5  2.4  2.5  2.6 
2,8      5.0      5-4      4-8      3.1  2.6 


Our  measurements  have  shown  the  non-maxwellian 
characteristic  of  the  EED  with       importait  con- 
centration of  low  energy  électrons  ,  as  predicted 
by  the  computations.  The  current  and  the  flow  rate 
do  have  an  importazit  effect  on  the  measured 
distributions. 
|f(E)dE 

250 


E(eV) 


6     8      10  12 


Fig.  1.  Measured  EED  with  the  current 
(indicated  in  mA)  as  variable 
parameter  ,  Elow  1  cc/min  stp  . 


Pig.  2    Measured  EED  with  the  flow  rate 

(indicated  in  cc/min  stp)  as  variable 
parameter.  Current  250  mA. 

Pig.  3  (below).  Measured  EED  at  high  flow 

(5cc/min)  for  250  and  I50  mA, 


f(E)dE 


E(ev) 
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OPTICAL  HOMOGENEITY  AND  MOLECULAR  GAS  HEATING  IN  A  SEMI-SELF-SUSTAINED  DISCHARGE 
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It  is  known  that  limiting  values  of 
the  spécifie  energy  removal  in  COj  las- 
ers can  be  obtained  if  the  active  médium 
is  excited  up  to  the  moment  the  généra- 
tion drops  due  to  gas  heating  up  to  the 
critical  température.  Expérimental  and 
theoretical  investigation  of  the  main 
molecular  gas  heating  regularities  in  a 
semi-self-sustained  discharge  and  relaxa- 
tion dynamics  when  pasaing  from  vibratio- 
nal  energy  to  translational  one  is 
presented  in  the  work.  Gas  température 
was  determined  by  propagation  velocity 
of  a  weak  shock  wave,  formed  due  to  fast 
Joule  heating  in  the  thin  near  cathode 
layer  and  propagated  into  the  active 
volume  to  the  anode  région 

The  measurements  were  made  by  means 
of  holographie  interf erometry .  The  expé- 
rimental setup  to  investigate  the  semi- 
self-sustained  discharge  régions  by 
holographie  methods  is  given  in  fig.1. 


Pig.1 . 

Single-mode  acoustic  optic  shutter- 
controlled  ruby  laser  is  used  as  a  pulsed 
cohérent  radiation  source  [2-3].  The 
object  beam  diameter  is  100  mm.  To  mea- 
sure  shock  wave  motion  velocity  the 
laser    opérâtes  in    a    pair  puise  mode 
at  the  time  interval  of  (1-f20)-10"^3 
which  providea  differential  holograms, 
reflecting  the  state  changes  of  the 
investigated  inhomogeneities  between  two 
puises.  To  simplify  the  fringe  pattern 
treatment  process  at  the  density  field 


plotting  in  the  homogeneity  the  holo- 
graphie interf erograms  can  be  obtained 
simultaneously  both  in  the  bands  of 
equal-inclination  fringe  and  equal- 
thickness  fringe.  This  was  achieved  by 
holographie  image  coding  by  means  of  two 
référence  beams  with  the  différent 
inclination  angle  relative  to  the  object 
one. 

The  active  région  interf erograms 
(fig.2)  and  the  respective  spatial 
profiles  of  the  neutral  gas  density  for 
différent  time  moments  (fig.3)  are  given. 


Pig.2.  Spécifie  input  energy  - 
W  =  0,5  J/cm^ 


Aap/ra(fn 


Pig.3. 

It  is  seen  that  the  médium  remains  op- 
tieally  homogeneous  during  the  pixmping 
puise  ~10~^8  up  to  the  spécifie  input 
energy  ~1  J/crn^  exeluding  narrow  ~  1  cm 
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near  électrode  régions.  Time  gas  tempe- 
rature  dependences  (C02:N2:He  mixture  = 
1:2:3)  at  différent  energy  consumption 
are  given  in  fig.4. 


Pig.4.  Dot  line-calculated: 

1)  W  =  0,7  J/cm^    I  =  1,5.10-''^  vcm^ 

2)  W  =  1,3  J/cm^;     |  =  2,76-10-''^  vcm^ 

Spécial  attention  in  the  work  ia  paid 
to  investigation  of  the  processes  in  the 
near  to  électrode  régions  resulting  in 
passing  the  volume  discharge  stage  into 
the  contracted  one.  The  typical  inter- 
ferograms  of  the  unstable  discharge 
stage  are  given  in  fig,5. 


Fig.5. 


To  détermine  experimentally  the  definite 
inatability  development  mechanism  more 
detailed  investigations  and  the  coplex 
gas-discharge  plasma  diagnostics  are 
required. 
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1. Introduction 

The     influence  of  discharge  noise  such 
as  the  striation  on  the  gas  laser  per- 
formance has  been  studiedf     ~  '     One  object 
of  the  présent  work  is  to  reexamine  if  the 
striation  would  have  always  a  damaging 
effect  on  the  gas  laser  and  to  search  a 
lasing  domain  free  from  such  a  wave. 
Another  object  is  to  study  the  influence 
of  stimulated  émission  on  the  striation. 
We  take  up  a  He-Ne  gas  laser  for  the 
purpose  of  this  investigation. 

2 .Expérimental  Apparatus 

A  pyrex  laser  tube  of  4mm(j) ,  L=80cm  long 
with  Brewster  quartz  Windows  was  used  for 
laser  oscillations  at  6328A  and  3.39u. 
As  a  cavity, concave  mirrors  with  index  of 
reflection  r=0.99  and  1  near  red  and  the 
curvature     radius  R=2m  were  used  for  the 
visible  light  while  a  concave  mirror  with 
r=0.90  near  3y  and  R=lm  and  an  Au  flat 
mirror  with  r=l  were  used  for  the  infrared 
beam.The  laser  intensity  was  detected  by 
a  photomultiplier  or  a  liquid  N2  cooled 
Au-Ge  semiconductor  through  a  monochro- 
meter  as  a  function  of  the  discharge 
current.An  optical  fiber  was  driven  by  a 
motor  along  the  laser  tube  to  pick  up  the 
side  light  and  obtain  an  inter f erometry  of 
the  striation.   The  fluctuation  in  the  dis- 
charge was  measured  by  a  spectrum  analyzer 
and  an  autocorrelator . 
3. Expérimental  Results 

Fig.l  shows  the  output  intensity  of 
6328A  and  3.39p  lasers  against  the  dis- 
charge current         for  sorae  total  pressures 
p   (Torr) ,   the  pressure  ratio  of  He  and  Ne 
being  5:1  and  8:1  respectively .  Circles 
indicate  critical  currents  above  which  the 


striation  was  observable  on  the  spectrum 
analyzer.   The  critical  currents  shifted  to 
a  higher  value  as  p  decreased.  For  6328A, 
the  onset  of  striation  coincided  with  the 
current  giving  the  maximum  intensity  of 
laser  output  between  p=1.3  and  1.6  Torr, but 
deviated  from  it  at  lower  and  higher  values 
of  p.   In  the  range  of  I^  where  the  laser 
émission  was  présent,   the  striation  was 
well  regular.With  increase  of  I^,the  6328A 
émission  disappeared.   Contrary  to  the  visi- 
ble laser, the  output  characteristic  of  3.39 
y  laser  showed  a  more  graduai  variation 

with  I,.Even  after  the  striation  increased 
d 

its  intensity     and  became  turbulent , the 
laser  oscillation  persisted  with  a  slight 
decreasing  tendency  with  I^. 


Fig.2a  shows  frequency  spectra  of  side 
light  with  I^  as  a  parameter.   According  as 
I^  increased, the  amplitude  of  striation 
increased  and  the  frequency  spectrum  varied 
from  monochromatic  to  multimode  and  then  to 
a  broad  spectrum. Fourier  transformation  of 
the  autocorrélation  of  striation  showed  a 
change  from  a  single  peak  to  multiple  peaks 

as  I^  was  raised.In  spite  of  the  side  light 

d 

modulation  by  the  wave , the  amplitude  modu-  - 
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lation  of  6328A  and  3.39p  lasers  by  the 
striation  was  very  small,  although  the  low 
frequency  noise  like  1/f  power  spectrum 
was  well  observable.  Fig.2b  shows  inter- 
ferometries  of  the  wave  at  each  value  of 
I^.  It  is  seen  that  the  spatial  cohérence 
of  the  striation  becomes  smaller  with  an 
increase  of 


in  the  cavity  to  lock-in  detect  any  vari- 
ation of  associated  with  3.39y  emissio 
but  the  change  was  too  small  to  explain  A 
by   A        from  Fig. 3. 

0.92  Torr 


Fig.  3 


- Fig. 2 

Interferomtry 


Fig. 3  shows  a 
change  of  frequen- 
cy of  monochromatic^ 
striation  with 

d 

for  some  total 

pressures (p^^:p^^=  ™ 

5:1).  At  a  constant 

P,the  frequency  of 

striation  decreased 

while  the  wave  ° 

length  increased 

slightly  with  I^. 

Finally,to  investigate  the  effect  of 
stimulated  émission  on  striation  the  dis- 
charge current  was  set  at  a  value  where 
both  monochromatic  striation  and  3.39y 
émission  were  présent.  When  the  laser  was 
spoiled  by  inserting  an  obstruction  in  the 
cavity,   a  frequency  shift  -^f  occurred  in 
the  striation  spectrum  and  occasionally 
side  bands  appeared,as  shown  in  Fig. 4a. 
Fig. 4b  shows  the  frequency  shift  ^ f  vs . 
laser  output  I  of  3.39p  at  p=0.92  Torr.  It 
is  seen  that   ^f  has  at  first  a  linear  de- 
pendence     on  I  but  then  reaches  a  constant 
value  at  a  larger  I.A  chopper  was  inserted 


Fig. 4b 


4. Discussion  and  Conclusion 

One  can  see  from  Fig.l  that  for  6328A 
it  is  possible  to  seek  a  lasing  domain 
free  from  the  striation  and    any  signifi- 
cant  output  drop, although  the  situation  i, 


less  favorable  for  3. 


39y 


The  reason  why, 


v^hile  the  1/f  power  noise  appear  both  in 
the  side  light  and  the  laser,  the  striation 
appears  much  less  in  the  latter  may  be  as 
follows.   The  laser  beam  passes  alternately 
through  parts  with  large     and  small  inver- 
sions whose  wave     length  is  about  1cm  («L) 
to  cancel  the  modulation  effect.  Further, 
the  frequency  is  higher  than  the  inverse 
life  time  of  He(2S)   and  Ne(ls),etc. 

On  the  other  hand,  the  laser  causes  a 
frequency  shift  of  the  striation,  which  is 
not  a  resuit  of  a  change  of  as  suggest- 
ed  by  Fig. 3, but  may  be  due  to  a  change  of 
level  densities  in  the  rate  équation.  Thus 
a  laser  tube  may  become  a  useful  tool  for 
a  microscopic  study  of  the  discharge. 
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COLLISIONAL  PROCESSES  IN  THE  HEf-CO^  ATOMIC  CARBCDN  NUCLEAR  PUMPED  LASER  1.45Ap 
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mixtures,  no  metastable  species  is  sufficiently 
energetic  to  populate  the  upper  laser  level  with  a 
single  collision,  thereby  making  multiple  col- 


An  intensive  study  of  the  kinetics  of  the 
atomic  carbon  n^uclear  £umped  l_aser  (NPL)  has  been 
undertaken  because  of  the  observation  of  milli- 
second  time  delays  between  the  laser  output  and 
the  neutron  (i.e.,  excitation)  input.    This  NPL 
represents  the  best  candidate  for  an  energy 
storage  NPL  at  near  atmospheric  pressures  dis- 
covered  to  date.    The  atomic  carbon  NPL  on  the 
C(3p  ^P^)  -C(3S  ^P°)  transition  P  1.454m  opérâtes 
via  the  dissociation  of        in  He-C02  mixtures  (50 
P^Q    <  25  mT).  Exci- 


:  400  T  +  .25  mT  • 


'  -   He  - 

tation  of  the  laser  nas  is  achieved  by  HeV  alpha 
particles  from  the  ^'^B(n,a)^Li  reaction  in  a  thin 
boron  coati ng  on  the  inner  wall  of  the  laser 
tube.^^^    This  nuclear  reaction  is  driven  by  a  12- 
ms  (F1JHI1)  puise  of  thermal  neutrons  obtained  from 
the  Univ.  of  Illinois  TRIGA  reactor.    Delays  of  up 
to  5  ms  between  the  peak  of  the  1.454  y  laser 
signal  and  the  thermal  neutron  puise  have  been 

(2) 
observed.^ 

The  kinetic  modeling  has  been  derived  from 

expérimental  observations  involving  différences  in 

opération  of  the  laser  for  various  gas  mixtures 

and  for  electrical  excitation.    A  similar  time 

delay  has  also  been  observed  for  the  same  carbon 

transition  in  Ne-CO  and  Ne-CO^  gas  mixtures. 

In  contrast,  in  mixtures  of  He-CO,  no  significant 

delay  is  observed.    In  the  latter  case,  as  shown 
(4) 

by  Atkinson  and  Sanders,^  '  a  single  collision 
between  the  He(2'^S)  metastable  species  and  the  CO 
molécule  directly  populates  the  upper  laser  level 
(ULL).    However  in  He-C02,  Ne-CO  and  Ne-C02 


lisions  necessary. 

Another  important  fact  is  that  only  ys  delays 
have  been  observed  in  an  electrical  oumped  l^aser 
(EPL)  using  the  same  mixtures  but  pulsed  electri- 
cal discharge  techniques.  In  EPL's,  the  high 
électron  température  durinq  the  electrical  dis- 
charge destroys  the  ULL  population  in  the  atomic 
(4) 

carbon,  restricting  lasing  to  the  afterglow.^ 
In  contrast.  in  a  nuclear  oumoed  plasma,  where  the 
average  électron  température  is  ~  0.04  eV,  energy 
is  transferred  through  the  metastable  or  other 
long  lived  states  of  the  buffer  gas.^^^  Conse- 
quently,  nuclear  pumped  plasmas  simulate  an 
afterglow  throughout  the  excitation  puise,  so 
that  the  atomic  carbon  NPL  is  able  to  opéra te 
throughout  the  neutron,  i.e.,  excitation  puise 
time. 

A  computer  study  demonstrates  that  the  delays 
observed  in  the  NPL  experiments  can  be  attributed 
to  a  séries  of  slow  reactions  involving  the 
He(2^S)  metastable  species.    Basically,  the  three 
step  model  used  for  the  He-C02  NPL  involves  the 
following  reactions: 

1)  He(2^S)  +  CO2  ^  C0(xV.,v  >  10)  +  0  +  He 
5.75xlO-'0    ^  5) 


max 
2)  CO(X^Z,v 


10)       CO(X'):,  V  =  0) 
m  +    30ys  -  Torr(CO)    (Réf.  6) 
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3)  HE(2^S)  +  CO(X^Z,v  =  0)        C(3p  +  0  +  He 

3 

=  9.85x10'^^  §^  (Réf.  5). 

max 

Then,  for  example,  for  100  T  He  +  2  mT  CO2,  a 
delay  of  ~  1  ms  is  predicted  which  compares 
favorably  to  the  expérimental  observations. 

Other  mechanisms  for  populating  the  ULL  have 
been  considered;  however,  the  two  most  likely, 
ionization-recombination  and  cascading  to  the  ULL, 
have  been  eliminated  based  on  expérimental  obser- 
vation of  Select  lines.^^^ 

The  assumption  that  the  dissociated  CO^  is 
formed  in  a  higher  vibrational  state  of  CO  (re- 
action 2)  is  essential  to  the  above  model .  Thus 
if  reaction  1  produced  CG(X^Z,v  =  0)  such  that 
reaction  3  could  follow  immediately,  the  predicted 
delay  would  be  reduced  to  ~  300  ps,  well  below 
expérimental ly  observed  values. 

In  an  EPL  excited  with  a  positive  column  dis- 
charge, in  mixtures  of  He-C02  ^  ^  ^  1  ^He  -  ^°  ^ 
+  .25  mT  <^  Pj,Q^  •<  10  mT),  at  an  average  power 
déposition  ranging  from  250  W/cm"^  to  1500  W/cm^, 
and  at  répétition  rates  from  10  Hz  to  100  Hz, 
lasing,  ~  23  ys  into  the  afterglow  was  observed 
only  after  the  first  puise.    This  behavior  is 
attributed  to  the  formation  and  accumulation  of  CO 
which  in  later  puises  undergoes  lasing  via  re- 
action 3  once  the  électron  température  falls  to  a 
sufficiently  low  value  in  the  afterglow  régime. 

For  applications  where  laser  output  delays  on 
the  order  of  1  ms  are  required,  such  as  laser 
feedback  fusion, such  a  multiple  step  process 
may  prove  valuable.    Relatively  low  pressures  and 
large  vol  umes  (possible  due  to  the  large  transport 
distance  of  neutrons)  of  the  buffer  species  could 
be  used  to  maximize  the  energy  storage  and  tha 
delay  times. 

In  conclusion,  the  long  delays  (<  5  ms),  ob- 


served between  the  peak  of  the  He-C02  carbol 
NPL  signal  and  the  thermal  neutron  puise,  are 
attributed  to  a  twostep  dissociation  of  CO^  with 
an  intermediate  step  involving  vibrational  relax- 
ation of  excited  CO.    Computer  model ing  of  this 
process  gives  results  in  agreement  with  experiment, 
and  with  other  observations  including  the  disap- 
pearance  of  the  delay  in  He-CO  mixtures  and  EPLs . 
Références 

(1)  niley,  G.  H.,  "Direct  Nuclear  Pumped  Lasers-  • 
Status  and  Potential  Applications,"  Laser 
Interactions  and  Related  Plasma  Phenomena,  H. 
Schwarz  and  H.  Hora,  eds..  Plénum  Press,  N. 
Y.,  Vol.  4A,  1977,  pp.  181-229. 

(2)  Prelas,  M.  A.,  Akerman,  M.  A.,  Boody,  F.  P., 
and  riiley,  G.  H. ,  Appl .  Phys.  Lett.,  Vol  .  31 ,  ! 
Cet.  1977,  p.  428. 

(3)  Prelas,  H.  A.,  Anderson,  J.  H.,  Boody,  F.  P.,  , 
Nagalingam,  S.  J.  S.,  and  Miley,  G.  H., 
"Nuclear  Pumping  of  a  Neutral  Carbon  Laser," 
Radiation  Energy  Conversion  in  Space, 

K.  W.  Billman,  éd..  Vol.  61  of  Prog.  in 
Astro.  and  Aero.,  AIAA,  NY  pp.  411-417 
(1978). 

(4)  Atkinson,  J.  B.,  Sanders,  J.  H.,  J.  Phys.  B 
(Proc.  Phys.  Soc.)  Ser.  2,  Vol.  1,  p.  1171 
(1968).  (5)    Schmeltekopf,  A. 

(5)  Schmeltekopf,  A.  L.,  Fehsenfeld,  F.,  The 
Jour,  of  Chem.  Phys. ,  Vol .  53,  No.  8,  pp. 
3173-3177,  October  1970. 

16)    Willett,  C.  A.,  Introduction  to  Gas  Lasers: 
Population  Inversion  Mechanisms,  Pergamon 
Press,  îlaxwell  House,  Fairview  Park, 
Elmsford,  N.Y.,  p.  317,  (1974). 

(7)  Prelas,  l).  A.,  Boody,  F.  P.,  and  Miley,  G. 
H.,  "Récent  Results  with  the  Atomic  Carbon 
Laser  0  1.4539v,"  31 st  Annual  Gaseous  Elec- 
tronics Conférence,  Oct.  1978.  ; 


1 


JOln^NAL  DE  PHYSIQUE 


Colloque  C7 ,  supplément  au  n°7.  Tome  40,  Juillet  1979,  page  C7-  393 
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Compressed  rare  gases  (or  mixtures  of 
rare  gases  and  haloids)  are  the  moetfitting 
active  média  for  powerful  lasers,  Presently 
the  radiation  power  of    2  GW  /I/  and  20% 
efficiency  can  be  obtained  in  such  lasers 
/27,  Theory  predicts  the  efficiency  of  50% 
/3/,  But  the  realization  of  laser  potentia- 
lities  is  impeded  by  strong  absorption  /3/ 
at  radiation  wavelengths  of  the  existing 
lasers  and  at  possible  wavelengths  of  new 
laser  Systems, viz.Ar2Cl*,  XegCl*,  Kr^¥* 
etc.  The  absorption  is  connected  with 

1)  ïie^'*',  kr^ ,  Kr'^2'  "^^2"^  absorption  by 
molecular  ions  (€j|K2  5).  10~'''''cm^/4/)  , 

2)  électron  photodetachment  from  négative 
ions  P~,  Cl"  (6'^ef10~'''^-10~''^cm^) , 

3)  photoionization  of  low  metastable  le- 
vels  of  rare  gases  Ar* ,  Ne*,  Kr*,  Xe* 
(6'ti:10~^'^cm^/5/)  ,etc.  Note  that  process 
3)  results  not  only  in  vanishing  of  in- 
duced  radiation  photon  (unf avourable  pro- 
cess for  laser  génération)  but  also  in  the 
production  of  a  new  ion  and  an  électron 
(additional  ionization) ,which  may  produce 
additional  photons  (favourable  process 
for  laser  génération).  The  laser  exciting 
discharge  may  burn  without  the  sources  of 
extemal  ionization  and  without  indepen- 
dent  ionization  of  the  active  médium  by 
électrons  under  the  following  threshold 
conditions: 


Here  is  the  number  of  particles  Z* 

which  excite  the  électron  during  its  life- 
time;K£,  the  probability  of  producing  the 
laser  quantum  by  excited  particle;  , 
the  probability  of  the  photon  occurence  at 
électron  destruction;  ,  the  frequency 

of  X  particles  photoionization  (C  is  the 
speed  of  light;  6^"  ,  photoionization  cross 
section);  V^- ,  the  speed  of  quantum  loss  in 
ail  channels  except  photoionization  (if 
photoabsorption  by  ail  particles  is  insig- 
nificant  (excluding  X*  particles),  then 
V^=C^/'^/aQj^/.  ,  where  L  is  the  length  of 
the  àctire  région;     ./^   are  the  reflection_^ 
coefficients  of  mirrors).  Welue^i^^fe^^^l 
is  the  photoionization  efficiency.  The  va- 
lue in  square  brackets  is  equal  to  the  num- 
ber of  quanta  excited  by  électrons  during 
lifetime,  The  intensity  Ve  of  the  excita- 
tion of  the  active  particles  Z*  by  élect- 
rons is  a  strong  function  of  E/P  parameter 
{E  ±3  the  field  intensity  of  the  discharge, 
P    is  the  pressure).  As    follows  from  Eq. 
(1)  there  exista  a  threshold  value  of  E/P 
starting  from  which  there  occurs  bumlng 
of  EPI -discharge,  It  should  be  noted  that 
there  exists  the  possibilty  of  buming  of 
the  self-sustained  discharge  in  ail  mix- 
tures where  the  laser  quantum  energy  is 
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sufficient  for  photoionization  of  the  ex- 
cited  X*  States.  Technical  feasibility  of 
such  a  discharge  requires  that  E/P  thre- 
shold  value  should  not  exceed  the  field 
intensity  which  corresponds  to  the  break- 
down  of  the  discharge  gap, 

The  most  favourable  conditions  for  the 
EPI -discharge  burning  are  realized  in 
three-component  mixtures  containing  rare 
gases  and  haloid  molécules,  where  the  la- 
ser quantum  energy  is  sufficient  to  photo- 
ionize  the  low  metastable  levels  of  the 
rare  gas  R,  and  is  not  enough  to  photoio- 
nize  the  buffer  gas  A. 

The  présent  paper  demonstrates  the  te- 
chnical feasibility  of  an  EPI  laser  pum- 
ping  in  Ar:Xe: 001^=1500: 50:1  mixture  and 
P  =  2  atm,  Threshold  value  of  E/P  for  the 
EPI-dipcharge  burning  does  not  exceed  (in 
this  mixture)  E/P  values  for  the  designed 
laser  based  on  électron  transitions  in 
excimer  ZeCl*  molécule  /6/,  The  laser  ra- 
diation quanta  of  this  molécule  {jt =308 
ma)  may  ionize  the  low  metastable  energy 
levels  of  Xe*.  The  following  discharge  ge- 
ometry  has  been  calculated:L=50  cm, 
1,  the  space  between  électrodes  l=2cm;  dis- 
charge Volume, V=200cm-^.  The  Kirchgoff  éq- 
uation has  been  taken  into  account.  The 
power  of  external  ionization  source  <^e 
was  équivalent  to  an  électron  beam  with 
energy  6^=150  keV,  and  maximum  current 
density  jè^ 6  A/cm^  (the  beam  has  a  tri- 
angular  form;  the  rise  tirae  is  30  ns, 
the  decay  time,  2Z0  ns).  The  main  proces- 
ses that  affect  kinetics  of  the  laaer  mix- 
ture générât ion, and  which  have  been  taken 
into  account  in  our  calculations ,  are  de- 


tailed  in  /6/. 

If  V/^  =1.5  kV/cm.atm  (^  is  the  ap- 

plied  voltage)  and  the  ballast  résistance 
A=  0.1  Ohm,  then  the  électrons  and  the 
laser  radiation  disappear  after  cessation 
of  the  external  ionization  (see  curves  I 


and  the  light  flux  density  inside  the  re- 
sonator  are  available  after  cessation  of 
ionization  (curves  II  in  Pig. 1),  Moreover, 
they  have  the  stationary  values, which  re- 
main unchanged  over  the  calculated  time. 
Here  the  spécifie  power  injected  into  the 
EPI -discharge  is  300  kW/cm^,and  the  power 
-  f luxes  in  the  resonator  are =3. 6  W/cm^. 
Note  that  the  discharge  chain  impédance 
détermines  the  steady-state  régime.  The 
EPI  discharge  may  burn  rather  uniforroly 
due  to  "mixing"  of  plasma  pe^ameters  in- 
side the  resonator  by  the  radiation.  Be- 
sides  laser  pumping,the  EPI-discharge  may 
find  applications, viz. , for  modulation  of 
high  currents  by  affecting  the  Q-factor 

of  the  resonator. 
Références 

1 . J.Hoffman  et  al. Appl. Phys.Lett. 28, 1 976. 

2.  R.Bradford,0pt.  Commun. J18,  210,  1976. 

3.  II.Basov  et  al.Vestnik  AIT  3SSR,  3, 1 2 , 1 972. 

4.  W.Wadt  et  al. Appl. Phys.Lett.JI ,672,1977. 
5. I . Sobe ' Iman. Intr . Theory  AtomT^pectra, 1 977 
6.  N.Basov  et  al.  ZhTP  Letts,  in  print. 


JOURNAL  DE  PHYSIQUE 


Colloque  C7,  supplément  au  n°?.  Tome  40,  Juillet  1979,  page  C7-  395 


APPLICATION  OF  RF  DISCHARGE  WITH  ROTATING  ELECTRIC  FIELD  FOR  EXCITATION  OF  CO^-LASER 
B.V.  Kuteev,  A.S.  Smirnov  and  A. P.  Zhilinsky. 

Kalinin  Polyteahnical  Institute,  Radiophysiaal  Department,  Leningrad/ U.S. S. R. 


It's  well  knovvn,    bhat  thermal  insta- 
bility  leads  to  the    constriction  of  glov/ 
discharge    and  restricts  the  increasing 
of  gas  pressure  in  COg-lasers.  External 
ionisation  by  électron  beam  is  one  of  the 
most  effective  methods  of  discharge  sta- 
bilisation  [il  .  However  search  of  another 
methods  of  instability  damping  is  not 
stopped.  In  récent  theoretical  investiga- 
tions [2,j]   it  was  shovm  that  electric 
field  rotation  with  frequency  exceeding 
the  instability  growth  rate  may  lead  to 
the  stabilisation  of  glow  discharge.  This 
effect  has  been  experimentally  observed 
in  stationary  r.f ,  discharge   [4] .  In  this 
coiiiruuni cation  v;e  describe  the  excitatioïi 
of  C02-laser  mixtures  in  pulsed  r.f.  dis- 
charge with  linear  and  circular  electric 
field  polarisation, 

The  discharge  takes  place  in  cylind- 
rical  glass  tube  with  inner  diameter  1.3 
cm  and  length  '■jO  cm.  Pour  électrodes  27 
cm  in  length  and  0.7  cm  in  v/idth  were 
adjusted  on  external  surface  along  the 
tube.  Electrodes  v;ere  eut  from  the  brass 
tube  with  irmer  diameter  1.5  cm  equal  to 
the  glass  tube  external  diameter.  R.f. 
power  supply  of  1  MEGC  frequency  from 
two  separate  amplifiera  was  fed  to  each 
pair  of  oppositelly  placed  électrodes. 


The  output  power  of  each  amplifier  exci- 
ded  1  kV/.  Phase  shift  between  amplifier 
signais  was  varied  from  0  to  180°.  R.f. 
puise  duration  was  5  msec ,  its  period  1.6 
sec.  Gas  mixture  of  C02:ÏÏ2;He  (1:6:12  by 
molar  concentration)  have  been  investiga- 
ted.  The  main  discharge  paramètres  were 
varied  in  following  ranges: 

gas  pressure  p= 1+250  Torr 

spécifie  power      W=1+50  ff/cm-^ 
electric  field      E=10+30  V/cm  Torr 
current  density    j=5+60  mA/cm^ 
Gain  of  test  COg-laser  radiation  at 
X=10.6j>i    was  measured  after  single  pass 
of  discharge  volume.  Typical  dépendance 
of  gain  coefficient  K  versus  time  t 
obtained  in  discharge  with  circular  pola- 
risation of  electric  field  in  gas  pres- 
sure 250  Torr  is  shown  in  fig.1.  Initial 
gain  increasing  is  due  to  set  up  of  dis- 
charge paramètres.  Subséquent  gain  de- 
crease  can  be  explained  by  gas  heating. 
Energy  input  Q  has  been  estimât ed  using 
time  t    equal  to  positive  gain  duration 
and  spécifie  power 


-  gas  density 
In  experiments  with  linear  electric 
field  polarisation  only  one  pair  of  elec- 
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■fcrodes  and  one  amplifier  were  used.  The 
dépendance  of  maximum  gain  coefficient 
^max  ^^^^'^^  sas  pressure  is  shown  in  fig.2 
(curve  1).  When  p  exceeded  100  Torr  dis- 
charge arced  and  liirainous  région  occupied 
1/3+1/5  of  the  tube  length.  This  being 
the  case  gain  vanished.  Discharge  was  com- 
pletely  uniform  when  gas  pressure  was  less 
then  30  Torr.  When  30<p<100  Torr  strea- 
mers    0.1  cm  in  diameter  parallel  to  dis- 
charge  current  were  observed.  Their  origin 
is  apparently  connected  vvith  ionisation 
of  metastable  molécules  [5]  .  The  strea- 
mers  didn't  effect  strongly  on  gain  coef- 
ficient. 

In  case  of  circular  electric  field 
polarisation  discharge  arcing  wasn't  ob- 
served in  the  whole  range  of  gas  pressure. 
The  dépendance  of  gain  coefficient  versus 
p  is  shown  in  fig.2  (curve  2^.  Sometimes 
larger  values  of  ^^^.^  iiave  been  achieved. 
Values  of  V/,   t    ,  Q,  K^^^  obtained  with  a 
maximum  gas  pressure  are  presented  in 
table  1.  Energy  input  Q  v/as  approximately 
equal  to  500  j/g.  This  values  are  close 
to  the  theoretical  limit  and  to  the  data 
achieved  in  électron  beam  controlled  dis- 
charge. Theoretical  values  of  K  were 
max 

calculated  in  assuraption  that  50>o  of  to- 
tal discharge  power  is  spent  to  high-ly- 
ing  laser  level  excitation  and  gas  tempe- 
rature  is  equal  to  jOO  °K,  Por  discharge 
with  circular  polarisation  calculated 
values  of  K^^^^^  are  in  a  good  agreement 
with  the  experimentally  observed  ones.  It 
indicates  a  high  homogeiiiety  and  effici- 
ency  of  power  input  in  rotating  field 


discharge.  Efficiency  of  linear  polarisa- 
tion discharge  is  lower.  ïïevertheless  the 
the  Kjjj^^  values  achived  are  of  practical 
interest 

The  results  presented  indicate  that 
the  rotating  field  discharge  can  be  suc- 
cesfully  used  for  C02-laser  excitation. 
This  method  may  be  useful  for  another  gas 
laser  excitation  both  alone  and  in  combi-, 
nation  with  the  external  ionisation. 
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Table  1. 


Polari- 
sation 

W 

W/cm^ 

P 

Torr 

f 

ms 

Q 

j/g 

^ax 
%/  cm 

j^th 

max 
%/cm 

linear 

19 

100 

2 

500 

0.35 

1.8 

circular 

50 

250 

2 
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0.5 

0.8 

-  K,  %/cm 


0  50       100       150      200    p,  Torr 

1-18.2 


JOURNAL  VE  PHYSIQUE 


Colloque  C7,  supplément  au  n°7.  Tome  40,  Juillet  1979,  page  C7-  397 
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The  importance  of  energy-transf er  from  neon  in 

Ne-N^  nuclear  induced  plasmas  is  well  known.  Lasing 

effect  was  observed  in  a  Ne-N^  mixture  with  a  very 

low  rate  of  N     impurity,  and  it  was  shown  that  la- 
(1) 

sing  occurs  form  a  Ne-N2  energy  transfer       .  In 
this  communication  the  rôle  of  nitrogen  in  a  sta- 
tionary  neon  plasma  induced  by  a  2.3  MeV  proton- 
beam  is  reported.  The  proton-beam  intensity,  I^, 
was  varied  from  0.5  to  3.5  yA.  The  neon  pressure 
was  in  the  range  of  50  to  700  torrs.  The  nitrogen 
concentration-rate  (10      to  10  ')  was  measured  with 
a  mass-spectrometer .  The  influence  of  nitrogen  on 
the  densities  of  the  charged  particles  of  the  plas- 
ma and  an  évaluation  of  ion-temperature  are  repor- 
ted. 

1.  Ne-N^  energy-transf er  :  Visible  plasma  spectrum 

was  observed  and  first  négative  bands  of  were 

encountered.  The  most  intense  band  corresponds  to  a 

wavelength  of  391.4  nm.  Due  to  the  low  nitrogen 
2  + 

concentrations  the  excitation  of  B  state  of  ni- 

trogen cannot  be  explained  by  direct  proton  excita- 
tion, but  is  the  resuit  of  Ne-N2  energy  transfer. 
It  has  been  established  that  the  excitation  of 

N^CB^z"*")  State  in  Ne-N    mixtures  follows  from  an 
(2) 

energy  transfer  from  neon  ions  .  In  our  experi- 
ment  Ne     ions  are  produced  by  the  proton-beam  with 


S  =  -  (l/W).(dE/dx).(j/e) 

dE/dx  :  proton  energy-loss  per  unit  length 
W  :  average  energy  required  for  an  electron-i 

pair  production 
j    :  proton-beam  current-densi ty 
Ne     ions  disappear  through  the  following  reac 

(1)  Ne%  2Ne  S  Ne^  +  Ne  ,   6  =  5  .  1 0~^^cm^ .  s"  ' 

.  k ,  -, ,     ^  > 

(2)  Ne  H 

(3)  Ne""- 


1^2 


...,k. 


5.31  10 


7.5  10  ■ 


62  molecular-ions  created  by  reaction  (1)  dissap- 
pear  through  the  following  reactions  : 


(A)  Ne2- 
(5)  Ney 


2Ne,  k  =  9  10 


-7^^3_^-l(9) 
■10    -3  -1(3) 


In  the  worst  conditions  for  reaction  (5)   i.e.  for 


-3 


measured  N     concentration  [n =  2  10     cm      the  pro- 
3 

bability  of  reaction  (5)   is   10    higher  than  the 
probability  of  reaction  (4) .  We  may  conclude  that 
Ne-N2  energy-transf^r  process  involves  Ne2  ions  ac- 
cording  to  successive  reactions  (1)   then  (5).  A 

ative  study  of  thèse  reactions  taking  into 
measured  densities  of  the  involved  species 
shows  that  N2  ions  are  created  with  a  rate  equal  to 
the  rate  of  production  of  Ne  ,   i.e.   S.  Futhermore 
we  assume  that  ail  N2  ions  are  created  in  B^zj^  sta- 
te. The  N2(B^z"'")   ion  disappears  owing  to  the  follo- 

N2(B^Z^)  ^  N2(X^Z'')+  hv(391  .4nm),l/k2=T=  61.5ns^^^ 
^  ,n-'0    3  -1(2) 


Ni 


2 

■  Ne  ^  , 


:  4.2  10 


N2(B 

This  simple  model  agrées  with  the  observed  de- 
creasing  of  391.4  nm  line  intensity  versus  increa- 
sing  N2  pressure.  This  can  be  shown  on  figure  (1) 
which  gives  the  variations  of  1 / (k^+k^  [N2] )   (a)  and 
the  observed  391.4  nm  (b)  line  intensity  versus  ni- 


pressure  of  70  I 
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2.  Measurements  of  the  N^ÇB^Z^)  rotational  tempéra- 
ture :  The  gtudy  of  391.4  nm  R-branch  rotational 
spectrum  allows  us  to  détermine  the  rotational  tem- 
pérature, T^^^,  of  the  (B,v'=o)  state  of  N^*^^^ . 
The  following  table  gives  the  results  obtained  for 
various  neon  pressures  and  two  proton-beam  : 


700 


516  ±  19 


343  ±  10 

440  ±  23 
456  ±  11 


448  ±  20 


The  highly  exothermal  behaviour  of  i 
plains  that  the        ions  température  is  much  higher 
than  the  nèutral  gas  température  measured  else- 
where^^^ 

3.  The  influence  of        on  the  electronic  density 

and  ionic  equilibrium  :  On  measuring  the  electro- 
nic density,  n  ,  with  a  microwave  cavity,  we  noti- 

ced  that  an  increasing  ratio  of  N.  from  lo'"^  to 
- 1 

10  leads  to  a  decreasing  electronic  density  down 
to  a  ratio  of  1/3.  This  ratio  is  roughly  indépen- 
dant on  the  Ne  pressure  and  of  the  beam  intensity. 
In  the  expérimental  pressure  range,  the  value  of  n 
arises  from  an  equilibrium  between  the  création 
rate  S  and  the  recombination  rate.  If  we  assume  the 
'  "  a  dominant  ion  with  a  concentration 

=  n^,  and  n^=  /  S/a,  where  a  is  the  recombi- 
i  coefficient.  At  low  nitrogen  density  the  do- 


2.10 


•7  3 


1(9) 


and 


)  decr 


ratio  to  1/3  of  electro- 
nic density  at  the  high        densities  we  deduce  that 

is  becoming  the  dominant  ion  with  : 
a  =  a^=  2.10    cm  . s  '   ^  .  The  observed  electronic 
density  n^     would  be  consequently  n^^   =  /  S/a^  and 
therefore     n^^/n^^  =   1/3.  This  agrées  with  previous 
studies  made  in  afterglow  plasmas,   that  indicate 
at  least  the  existence  of        and         ions  in  mixtu- 
res having  about  the  same  concentration  that  we 
have(^>. 

Thus  we  may  conclude  that  even  for  low  nitrogen 
concentrations  the  dominant  ion  is        and  for  hi- 
gher concentrations,  heavier  ions  (nI")  appear. 
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Abstract 

Electro-optical  measurements  of  the  electric 
field  along  insulator  surfaces  in  vacuum  during  the 
few  nanoseconds  prior  to  insulator  flashover  have 
been  made.    The  Pockels  and  the  Kerr  effect  are 
used  in  conjunction  with  a  polarization  interfero- 
meter  to  measure  the  interfacial  fields  which  have 
a  risetime  of  a  few  ns.    Insulator  surface  charging 
and  cathode  field  enhancement  occurs,  followed  by 
plasma  formation  near  the  cathode  which  propagates 
toward  the  anode  at  approximately  one  tenth  the 
speed  of  light.    Voltage  collapse  across  the  insu- 
lator occurs  after  the  plasma  formation  has 
reached  the  anode. 

Introduction 

Surface  charging  of  the  insulator  by  secondary 
1  2  3 

électron  émission  is  well  documented    '  '  .  Régions 
of  field  intensification  near  the  cathode-vacuum- 
insulator  triple  junction  causes  field  émission  of 
électrons.    This  causes  regenerative  surface  charg- 
ing and  électron  multiplication  with  the  resulting 
électron  avalanche  proceeding  towards  the  anode. 
Electro-Optical  Measurements  of  Electric  Fields 
For  a  parallel  électrode  configuration,  shown 
in  Fig.  1,  the  phase  différence  <i>{x,y)  -  £E(x,y) 
for  the  Pockels  effect  in  KDP  and  <j)(x,y)  -  «.E^(x,y) 
for  the  Kerr  effect  in  nitrobenzene,  where  i  is  the 
path  length  through  the  optical,  active  région  (i.e. 
between  the  électrodes)  and  E  is  the  average  ap- 
plied  field.    The  phase  shift  <^  is  measured  using 
a  polarization  analyzer  (see  Fig.  2),  which  pro- 
duces a  finite  fringe  interférence  pattern  indica- 
tive of  the  phase  différence  between       and  fj_, 
which  is  a  function  of  the  electric  field. 

A  slit  is  positioned  at  the  vacuum-insulator 
interface  and  the  fringe  pattern  streaked  with  an 
image  converter  caméra.    The  spécifie  relation- 
ships  between  the  fringe  motion  and  interfacial 
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electric  field  strength  becomes 
Ej  (x,t)  =  const.  X  (Ay(x,t)/6y)  for  the  Pockels 
effect  and  Ej|^(x,t)  =  const.  x  [Ay(x,t)/6y]  '  for 
the  Kerr  effect,  where  Ay/6y  =  4>/2ti  with  ôy  being 
the  uniform,  or  background,  fringe  spacing  and  Ay 
the  amount  of  measured  fringe  bending  . 

Expérimental  arrangement 
The  expérimental  arrangement  is  shown  in  Fiç. 
3.    The  ruby  laser  is  used  to  probe  the  test  cell 
and  also  trigger  the  FX-15,  thereby  reducing  the 
timing  problems.    The  only  System  jitter  is  that  of 
the  FX-15  gap,  approximately  2  ns.    The  operating 
test  cell  pressure  is  5x10  Torr. 

Results 

The  excitation  puise  to  the  test  cell  has  a 
risetime  of  2.5  ns,  a  5.5  ns  top  which  drops  5%, 
and  a  4  ns  fall  time.    The  test  cell  acts  as  a  ca- 
pacitive load  and  charges  to  twice  the  puise  volt- 
age. 

The  streaked  fringe  shift  pattern  for  the  KDP 
test  cell,  shown  in  Fig.  4,  are  non-uni form,  indi- 
cating  greater,  or  enhanced,  electric  field 
strength  near  the  cathode.    The  maximum  field  is 
reached  at  the  anode  .6  ns  before  the  maximum  field 
at  the  cathode.    This  is  due  to  continued  surface 
charging  after  the  applied  field  has  peaked.  The 
electric  field  as  a  function  of  anode  to  cathode 
distance  shows  the  electric  field  enhancement  for  a 
spécifie  time,  (Fig.  5).    Flashover  occur  as  the 
excitation    puise  is  beginning  to  fall,  making  anal- 
ysis  in  this  area  impossible.    A  nitrobenzene  test 
cell  with  reduced  risetime  gave  the  typical  streak- 
ed fringe  pattern  shown  in  Fig.  6.    The  previously 
discussed  surface  charging  effects  are  again  pré- 
sent as  the  fringes  rise  to  their  peaks.    Note  that 
the  fringes  have  différent  slopes  after  peaking  and 
that  they  return  to  the  applied  field  value  prior 
to  flashover.    The  slopes  indicate  différent  surface 
charging  rates  along  the  insulator,  correspondi nn 
to  the  électron  avalanche  propagation.    The  delay 
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between  positive  surface  charging  occuring  at  the 
cathode  and  anode  is  ~  1.3  ns  giving  the  avalanche 
a  propagation  speed  of  ~  7.7x10^  m/s  or  .025c. 
After  positive  surface  charging  begins  near  the 
anode  the  field  at  the  cathode  begins  to  return  to 
the  applied  field  value  at  time         This  phenom- 
enon  propagates  across  the  fringe  pattern  in  .3  ns. 
Sufficient  energy  has  been  deposited  near  the 
cathode  to  induced  gas  desorption  from  the  sur- 
face .    At  time  t^  the  gas  density  reaches  a  point 
where  ionization  by  field  emitted  électrons  from 
the  triple  junction  causes  plasma  formation.  The 
number  of  free  électrons  increases  significantl v. 
Thèse  électrons  cause  a  rapid  increase  in  the  ion- 
ization of  desorbed  gases  and  also  annihilate  the 
positive  surface  charge  adjacent  to  the  plasma  by 
surface  recombination.    The  propagation  speed  of 
the  plasma  formation  is  3.3xloVs  or  11c,  while 
the  recombination  time  is  ~  500  ps.    After  a  delay 
of  1  ns,  associated  with  the  highly  inductive 
stage  of  arc  formation,  the  voltage  across  the  test 
cell  collapses. 
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Introduction 

It  is  known  that  when  the  field 
emitter  is  overloaded  by  its  own  émis- 
sion cxirrent  it  exploses  thus  stimulat- 
ing  the  vacuum  breakdown  It  is  also 

known  /2,3/  that  Just  before  the  explo- 
sion the  field  émission  (FE)  looses  its 
stability  and  this  pre-explosion  state 
is  easily  identified  by  its  spécifie 
effects:  1.  the  bright  rings  appear 
around  the  maiin  émission  image  (Fig.la); 
2.  the  émission  current  spontaneously 
increases  in  time,  the  relative  increase 
of  current    A  =Tma\/lQ      during  the 
interval  of  the  voltage  puise   ZT    is  of 
the  Oder  of  magnitude  1.1  ♦1.5 

(Fig.lb),  depending  on  ZT  and  emitter 
geometry.  Up  to  now  thèse  effects  have 
no  unique  treatment.  In  the  paper  sub- 
mitted  an  attempt  is  made  to  obtain  ad- 
ditional  information  about  pre-explo- 
sion phase  of  the  matter  by  placing  the 
emitter  in  external  magnetic  field. 

Experiment  was  carried  out  in  modi- 
fied  Mùller  électron  microscopes  in  va- 
cuum approximately  equal  to  5x10~'^^Torr ; 
the  value  of  external  magnetic  field  di- 
rected  along  the  emitter  axis  varied  in 
the  limits  (0.01+0.4)  T. 

Expérimental  results 
It  is  established  that  magnetic 
field  influences  essentially  the  pre- 
breakdown  eff0cts,  Spontaneous  increase 
of  current  takes  place  the  présence  of 
magnetic  field  at  lower  values  of  elect- 
ric  field  strength.  An  essentially  new 
resuit  is  the  fact  that  A  may  reach  va- 
lues     5*7  during  the  puise  interval  V 
(Fig.2b,  curve  1  and  Fig.3a,  curve  3). 


At  certain  conditions  spontaneous  current 
increase  in  magnetic  field  is  slowed  down 
and  we  observed  saturation  of  émission 
current. 

It  is  established  that  simultaneous- 
ly  with  large  increase  of  current  in  ma^ 
netic  field  the  "ring"  effect  is  obser- 
ved on  the  émission  picture,  the  resuit 
being  presented  in  Fig.2a.  Absence  of 
axial  symmetry  (that  was  présent  when 
B=0),  probably,  shows  that  processes  of 
"ring"  formation  and  those  of  main  émis- 
sion picture  are  différent. 

In  other  experiments  we  observed 
effect  of  "accumulation".  It  was  shown 
that  if  the  conséquent  single  voltage 
puises  of  constant  amplitude  are  applied 
to  the  FE  diode  (the  interval  between  the 
puises  being  equal  to  ^  10  sec),  the 
amplitude  of  the  puises  of  émission  cur- 
rent increases  from  puise  to  puise 
(Fig.3a,b).  Such  current  increase  leads 
to  explosion  of  emitter,  Iq  being  close 
to  the  limit  current  -Xlim.   for  a  given 
emitter.  In  those  cases  when  Itm'^XQ  ♦ 
we  observed  a  maximum  of  current  puise 
(Fig.2b,  curve  1).  It  is  worth  noting 
that  the  cxirrent  puise  following  that 
with  a  maximum  always  appeared  to  be 
rectangular  and  of  essentially  smaller 
amplitude  (Fig.2b,  curve  1  and  2).  It 
should  be  mentioned  also  that  "accvimu- 
lation"  effect  probably  may  not  be  con- 
nected  with  adsorption  processes  at  the 
surface  since  the  émission  picture  did 
not  vary  during  the  experiment. 

Fiirther  measurements  were  carried 
out  in  a  constant  electric  field.  In 
thèse  experiments  voltage  applied  to  the 
F.E.  diode  was  chosen  in  such  a  way  that 
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initial  current  density  -  /o  had  a  value 
lying  in  the  limits  10^+10^  A/cm^.  Ré- 
sulta of  our  experiment  are  presented  in 
Fig.'^-. 

We  established  that  the  rate  of  cur- 
rent increase  in  magnetic  field  becomes 
larger  with  increase  of  initial  current 
density.  The  keeping  of  emitter  in  a  mag- 
netic field  without  current  does  not  in- 
fluence the  character  of  cxirrent  incre- 
ase with  subséquent  switching  the  elect^. 
rie  field,  It  should  be  mentioned  that 
decrease  of  current  after  switching  off 
the  magnetic  field  is  going  on  essen- 
tially  slower  than  the  current  increase. 
Rate  of  current  decrease  increases  with 
initial  density       at  B=const.  Slope  of 
current  increase  and  decrease  increases 
with  magnetic  field, 

A  State  induced  by  magnetic  field 
is  destroyed  by  heating,  Minimal  tempe- 
rature  when  the  induced  state  is  dest- 
royed is  equal  to  1000°K. 

Main  Conclusions 

1,  It  is  established  that  magnetic 
field  inertially  increases  emitting  ca- 
pacity  of  a  field  emitting  cathode, 

2.  It  is  shown  that  magnetic  field 
essentially  influences  stability  of  a 
field  emitter  in  a  pre-breakdown  phase 
and  in  a  process  of  initiating  vacuum 
breakdown. 


Références 

1.  G.N,Pursey,  P.N,Vorontzov-Veliaminov, 

Sov,Phys.,  JTP,  10,  1880  (196?) 

2.  W.P.Dyke,  J.K,Trolan.  Phys.  Rev., 

82,  4  (1953). 

3.  G.N.Pursey,  V.E.Ptytsin,  N.V,Egorov, 

Sov.Phys,,  Abstracts  of  the  III  Con- 
férence on  High  Current  Emission 
Electronics,  Tomsk,  1978, 


Fig.2  et-  déformation  of  émission  picture 
in  the  magnetic  field  at  the  pre-break- 
down phase,  B=0,^T;   ^-  puises  of  current 
B=0,4T,     r  =1,0  msec. 


Fig.3  Effect  of  accumulation  in  a  pre- 
breakdown  phase. 

a-r=500yUsec,  B=0,4T}  ^- 'r  =  500^sec, 

B=0,0^  T. 


-  <ofl  im  t.sêc. 

Pig.4  1.  Jo=3-lû2/t/c^;2,4.d^=5#/l/^O.j^=#^^ 
In  the  région  of  current  increase  and 

saturatin  (for  curves  1,2,3)    B  is  equal 
to  0,04T  and]bo  0,4T  for  curve  4. In  the 
région  of  current  decrease  B=0    for  /-h^. 
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Electric  strength  of  a  vacuum  gap 
may  be  described  by  a  generalized  curve 
of  breakdown  voltage  as  pressure  U^^=/(p) 
as  shown  in  Fig.1   (curve  a,b,c).  It  is 
known  that  the  horizontal  part  of  this 
curve  relates  to  breakdown  in  a  vacuum. 
The  slope  of  the  left  branch  of  the  Pas- 
chen's  curve  for  the  ignition  voltage  of 
glow  discharge  is  connected  with  secon- 
dary  électron  émission  processes  initia- 
ted  by  positive  ions  excited  atoms,  fast 
neutral  atoms  and  photons  / ^  -processes/ 

Of  spécifie  interest  are  studies  of 
discharge  phenomena  in  a  narrow  dange  of 
pressures  when  a  transition  from  vacuum 
breakdown  to  glow  discharge  ignition 
takes  place. 

Some  investigators  /2/  observed  maxi- 
mum,  in  some  cases,  doubled  electric 
strength  values  at  thèse  pressures. 

Studies  were  performed  with  experi- 
çiental  discharge  tubes  to  which  square 
voltage,  puises  were  applied.  A  bipolar 
palse-forming  line  with  high-voltage  hy- 
drogen  thyratron  as  a  "switch"  was  used 
as  a  voltage  source.  Crest  voltages  up 
to  100  kV  with  2«10"S  puise  duration 
were  applied  to  the  gap.  The  phenomena 
studies  could  be  registered  by  an  oscil- 
lograph  with  high  voltage  plates,  so  that 
the  test  voltage  was  applied  directly  with- 
out  using  a  voltage  diviser.  Puises  of 
fraction  of  a  microsecond  duration  could 
be  recorded. 

When  square  voltage  puises  were  ap- 
plied to  a  discharge  gap  of  d=0,5  ♦  6  mm 
at  pressures  within  10"^  ♦  10"^  mm  Mg 
diffuse  luminescence  resembling  a  glow 
discharge  was  observed  visually.  Along 


with  this  diffuse  luminescence  spontaneou- 
sly  rupted  spark  discharges  accompanied 
by  X-ray.  Oscillographic  records  of  dis- 
charge  voltage  and  current  wareforms  show 
that  the  diffuse  luminescence  relates  to 
a  high  voltage  glow  discharge  with  a  ris- 
ing  current  voltage  characteristic  /3/ . 
The  discharge  voltage  was  several  tens  of 
kilovolts  at  currents  up  to  200  mA.  In  a 
high  voltage  glow  discharge  the  field 
strength  on  microprotrusions  is  sufficiait 
for  the  formation  of  spark  discharges. 
They  are  accompanied  by  a  local  release 
of  gases  from  the  électrodes  which  in 
turn  support  the  glow  discharge.  Oscillo- 
grams  of  voltage  presented  in  Fig.2  (a, 
b,c)  confirm  that  simultaneous  existence 
of  two  types  of  discharges  is  possible. 

The  authors  of  /4/  also  observed  ivD 
concurrent  types  of  discharges  at  d=20  mm. 
One  of  the  discharges  was  constricted 
spark  accompanied  by  an  abrupt  increase 
of  current;  the  second  was  a  diffused 
glow  typo  discharge.  The  quantity  of  re- 
leased  gases  is  proportional  to  the  elec- 
tric charge  that  had  passed  through  the 
gap.  Thus  the  passage  of  a  single  elemen- 
tary  charge  libérâtes  two  to  threé  gas 
atoms.  In  this  work  a  diffused  discharge 
was  observed  after  several  constricted 
spark  discharges  appearing  upon  the  ap- 
plication of  a  séquence  of  puises.  On 
the  basis  of  their  investigations  the 
authors  of  /U/  indicated  the  possibility 
of  an  exchange  mechanism  described  by 
Van-Atta  et  al.  which  could  explain  the 
phenomena  observeda  It  appears  to  us  ho- 
wever  that  regenerative  sputtering  of 
ions  of  opposite  signs  from  the  cathode 
and  anode  would  be  unlikely. 
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The  comparison  of  results  obtained  in 
this  paper  and  in  previous  works  /^,'5,^/ 
as  well  as  the  phenomena  observed  by  oth- 
er  workers  /2,4/  allow  to  represent  a 
breakdown  of  a  gap  by  a  family  of  curves 
"br^^^P^  différent  gaps,  as  given 

in  Fig.1 . 

Formation  of  spark  discharges  is  a 
statistical  phenomenon.  It  corresponds  to 
the  horizontal  part  of  curve  U^j,=  jf(p) 
(portion  a-b)  where  the  electric  field 
strength  is  the  dominant  parameter.  The 
right  part  is  the  Paschen's  curve  (c^, 
C2...)  for  the  ignition  of  glow  discharge 
due  to  -processes. 

It  would  be  natural  to  assume  the 
existence  of  a  graduai  transition  from  E 
to   ^ -processes  in  the  "transitional 
région"   (part  b-c)  where  two  types  of 
discharges  may  occur  simultaneously .  Ex- 
periments  shown  that  in  the  "transitio- 
nal région"  of  pressures  where  déviations 
from  the  Paschen's  curve  take  place,  the 
passage  of  current  within  the  discharge 
gap  is  influented  by  field  strength,  ove- 
rall  voltage  and  pressure. 

With  the  increase  of  interelectrode 
spaoing  the  déviations  from  Paschen's 
law  occur  at  higher  voltages  and  at  lo- 
ver pressures.  In  this  case  a  maximim  of 
breakdown  voltage  appears  in  the  "tran- 
sitional région"  of  pressures  (Fig.1, 
dotted  line). 

Thus  the  following  pattern  in  the 
"transitional  région"  of  pressures  may  be 
assumed.  To  form  a  high  voltage  glow  dis- 
charge a  sufficiently  high  gas  pressure 
in  the  discharge  gap  is  necessary.  A 
certain  amount  of  gas  or  metallic  vapour 
may  be  released  from  the  électrode  due  to 
local  heating  of  microprotrusions  by 
électron  current  during  spark  discharges. 
Subséquent  pressure  réduction  results  in 
the  growth  of  voltage  drop  across  the 
glow  discharge.  A  positive  space  charge 
near  the  cathode  increases  accordingly 
leading  to  a  growth  of  the  field  strength. 
The  latter  contributes  to  a  spark  initia- 
tion. A  mechanism  of  two  compétitive  selC- 


sustained  discharge  modes  in  thus  sugges- 
ted 


U,kV 
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Fig.2 

a  -  high  voltage  glow  discharge  (curve  c 
in  Fig.1 ) 

b  -  spark  discharges  (part  a-b  of  the 

curve  in  Fig.  1  ) 
c  -  glow  discharge  simultaneous  with 

spark  breakdown  (part  b-c  of  the  Fig. 

1) 
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Abstract  -  The  microscopic  f  ield  enhancement 
factor  e  and  the  field  émission  area  a  of  variously 
prestressed  vacuum  interrupter  contacts  were  inves- 
tigated  using  the  Fowler  Nordheim  équation.  Addi- 
tionally  the  corresponding  breaKdown  voltage  values 
were  considered.  Statlstically  evaluated  results 
are  shown  and  discussed. 

INTRODUCTION 

The  contact  surface  microstructure  of  a  vacuum 
interrupter  is  strongly  affected  by  the  type  of  the 
preceding  switching  opération.  This  causes  a  badly 
defined  dielectric  withstand  strength  of  the  contact 
gap  leading  to  an  unreliable  insulating  behaviour  of 
open  vacuum  interrupters . 

For  this  reason  an  investigation  on  a  statisti- 
oal  basis  was  started    recently    in  order  to  learn 
about  the  relevant  phsnomena  inf luencing  the  breaK- 
down performance  of  an  open  vacuum  interrupter  gap 
[l]  ,  Variously  prestressed  contacts  were  tested  by 
variously  shaped  voltage  curves  in  ail  combinations. 
Beside  an  insight  into  the  dielectric  withstand  be- 
haviour of  the  gap  the  results  also  yielded  conclu- 
sions about  the  surface  microstructure  and  the  ini- 
tiating  breaKdown  mechanisms. 

In  addition  to  this  research  the  microscopic 
field  enhancement  factor  e  and  the  émission  area  a 
were  determined  after  prestressing  the  contacts  by 
various  types  of  switching  opérations.  The  results 
are  presented  in  this  paper  and  yield  more  insight 
into  the  surface  phenomena  of  a  vacuum  interrupter 
under  actual  conditions. 

PROCEDURE 

The  tests  were  carried  out  with 

-  RogowsKi  profile  shaped  copper  or  tungsten  élec- 
trodes in  an  expérimental  chamber  at  10"^  torr 
[électrode  diameter  40  mm,  gap  length  5  mm] 

-  a  commercial  vacuum  interrupter  valve  (15.5  KV, 
600  A.  12  KA);   5  mm  gap  length;,  Cu  contacts 

New  contacts  were  conditioned  by  100  de  arcs 
[100  A,   500  ms]  in  order  to  produce  clean  and  well 
defined  surfaces.  Then  the  contacts  were  stressed  by 
séries  of  one  of  the  following  switching  opérations: 

-  no  load  close-open  opération  without  arcing  [NL] 

-  no  load  close-open  opération  after  one  condition- 
ing  de  arc  of  100  A.  100  ms  (  NLC  opération] 

-  no  load  closing  followed  by  a  100  A  de  opening  arc 
of  100  ms  or  1000  ms  duration 

-  no  load  closing  followed  by  50  Hz,   5  KArms  inter- 
ruption [9  ms  arc  duration] 

Fifteen  seconds  after  each  switching  opération 
a  voltage  puise  was  applied  across  the  open  gap  rls- 
ing  with  20  KV/ms  or  0.1  KV/ms  respectively .  The 
20  KV/ms  puises  were  increased  until  breaKdown  occured 
whereas  the  maximum  voltage  of  the  0.1  KV/ms  puises 
was  limited  by  the  supply  to  voltage  values  below 
the  breaKdown  voltage. 

During  the  tests  the  field  émission  current 
[FEO  >  100  nA  was  measured.  The  corresponding 
Fowler  Nordheim  [FN]curvewas  plotted  by  a  computer 


which  also  ealculated  and  detracted  the  capacitive 
gap  current.  Finally  the  microscopic  field  enhance- 
ment factor  e  and  the  field  émission  area  a  were 
printed  out. 

RESULTS  AND  DISCUSSION 

1.  Détermination  of  g, a  after  various  switch- 
ing  opérations  -  Table  1  shows  that  the  surface  of 
both  the  valve  contacts  and  the  Cu  contacts  are  in- 
f luenced  by  the  preceding  switching  opération  in  the 
same  way.  After  no  load  close-open  opérations  pre- 
ceded  by  a  100  A  de  arc  [NLC]  the  mean  values  B  were 
highest  connected  with  ^owest  mean  breaKdown  volta- 
ges V  .  (Ail  6- and  a  values  were  ealculated  using  the 
EN  équation  at  an  assumed  worK  function  of  4.6  eV.) 

A  100  A,  100  ms  de  arc  deereases  3  eausing  an 
increase  of  V  .  This  effect  is  more  significant,  if 
the  arc  duration  is  extended  to  1  sec.   (as  shown  for 
Cu  contacts] .  6  and  V^  values  indicated  surface 
smoothening  by  5  KArms  interruption  ares.  Repeated 
no  load  switching  [NL]  decreased  6  below  the  corres- 
ponding values  for  NLC  opération.  Ail  those  tenden- 
cies  concerning  the  breaKdown  voltages  agrée  with  [1]. 

The  évaluation  of  the  FEC  immediately  before 
breaKdown  (critical  prebreaKdown  current  i  ]ishows 
that  i    dépends  on  both  B  and  a.  High  S  values  were 
connected  with  low  values  of  both  a  and  i^. 

nerely  after  5  KA  interruption  a  and  i  yielded 
unexpectadly  low  values  indicating  that  5  KA  ares 
produced  smaller  émission  sites  than  100  A  de  ares 
at  comparable  charge  transfer.  In  some  cases  those 
smaller  sites  were  destroyed  by  the  applied  voltage 
eausing  a  step  in  the  FN  eurve. 


type  of 
5W3  tching 
opération 

V,/kV 

îj./mA 

p(6,  Vg) 

1450 

45.0 
57.5 

-0.58 
♦0.47 

;5 

lOOA^OOms 

2900 
1610 

0.7 

29!  2 

21.9 
15.7 

9.4 

NLC 
tOOA,  50ns 

JO 

109 

Tab.  1 

Table  1  also  shows  a  more  or  less  significant 
corrélation  between  V    and  g  manifested  by  a  néga- 
tive corrélation  factor  p(B,  V^] .  After  5  KA  inter- 
ruption, however,  p(e,  Vg)  was  positive  for  the  Cu 
contacts  Indicating  the  superposition  of  an  initi- 
ating  mechanism  which  is  net  governed  by  theFEphe- 
nomenon.  In  this  case  the  peaK  value  of  the  arc 
current  was  close  to  the  threshold  of  anode  spot 
formation  and  increasing  the  liKelyhood  of  partiels 
breaKdown   [1] .  When  5  KA  were  interrupted  by  the 
valve  the  arc  certalnly  was  in  a  diffuse  mode  but 
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iccording  to    [lj    partiels  breaKdown  is  likely  too. 
"his  may  explain  the  lower  p  value  comparée!  to  that 
after  the  100  A  de 
arc.  Further  éviden- 
ce for  this  assump- 
tion  is  gained  bythe 
fact  that  in  some 
cases  the  FN  curves 
were  exactly  identi- 
cal  before  and  after 
breaKdown,  i.e.  no 
main  émission  site 
was  involved  in 
breakdown  excluding 
a  FE  inltiated  me- 


chanism. 


PULSE  NUMBER 


Fig.1 :  Change  of  g  and  a  de- 
pending  on  the  number  of  ap- 
plied  voltage  puises  without 
any  breakdown. 


Nevertheless 
the  fact  that  the 
critical microscopic 
field       =  V  .6  was 
nearly  constant  for 
ail  switching  opéra- 
tions and  independ- 
ent  of  the  g  value  indicates  that  breakdown  malnly  is 
initiated  by  FE  at  a  constant  mean  FE  current  den- 
sity  ï  . 

Comparable  measurements  with  tungsten  contacts 
yielded  6  values  one  order  of  magnitude  less  than 
for  Cu  électrodes.  In  this  case  the  prebreakdown 
current  curve  showed  significant  mlcrodischarge  pui- 
ses which  caused  breakdown  before  the  FEC  reached 
a  critical  value. 


2.  Chans 


:  due  to  the  applied  voltage  - 


MO  '  TORR  Nj 

I  10"^  TOfiR  O2 


If  a  séries  of  five  consécutive  voltage  pulsi 
(Û.1  kV/ms)  were  applied  in  intervais  of  4  min. 
[without  any  breakdown)  g  was  decreased  especially 
after  no  load_switching  [NLO .  Fig.1  shows  the  mean 
values  e  and  a  of  six  test  séries  across  the  puise 
number.  Each  puise  was  switched  off  when  the  FEC 
increased  to  1  mA.  The  corresponding  FINI  curves  star- 
ted  as  straight  lines  at  low  currents  and  were  ben- 
ded  toward  lower  current  values  at  higher  voltages 
indicating  a  gênerai  decrease  of  g  during  the  test. 

Also  unsteady  fluc- 
tuations were  super^ 
imposed  especially 
at  higher  FEC  values 
showing  a  gênerai 
instability  of  the 
ision  sites. 
After  at  least 
four  puises  the  g 
values  approached  a 
saturation  value 
which  was  nearly  in- 
dependent  of  the 

 ^ — ^  original  value  pro- 

5  / 10"^^  CM^  duced  by  the  switch- 

Fig.2=  Influence  of  the  resi-  opération, 
dual  gas  pressure  on  g  and  a.  voltage  ap- 

plied  for  30  sec. 
between  the  4^"  and  the  5^"  puise  causing  1  mA  FEC 
yielded  no  further  significant  decrease  of  this  sa- 
turation value. 

This  resuit  shows  clearly  that  changes  of  the 
isolating  performance  of  a  vacuum  gap  can  be  caused 
by  the  applied  voltage  even  if  no  breakdown  occurs. 

3.  Influence  of  pressure  on  g  and  a  -  If  the 
pressure  was  increased  to  1G~^  torr  with  0^  or  N2 
the  g  values  decreased  and  â  values  increased 
CFig.23.  This  effect  was  significant  if  the  contacts 
were  prestressed  by  a  100  A  de  arc  especially  for 
oxygen.  However,  after  no  load  opérations  [NLO  the 
influence  of  pressure  was  negligible. 

Due  to  the  specified  test  procédure  net  de- 


scribed  in  détail  it  is  évident  that  the  changes  ai 
a, g  are  caused  by  surface  layer  growth.  The  authors 
suppose  that  because  of  this  surface  layer  the  worl^ 
function  is  increased  [2]  yielding  lower  calculat'ed  | 
g  values  at  10  ^  torr.  It  is  not  yet  clear  why  thia 
effect  occurs  only  after  arclng  and  not  after  no  | 
load  switching,  but  it  is  assumed  that  the  arc  in- [ 
creases  the  surface  layer  growth  in  some  way. 

CONCLUSIONS  I 

Vacuum  interrupter  Cu  contacts  show  a  clear 
corrélation  between  the  breakdown  voltage  and  the 
microscopic  field  enhancement  factor  g.  This  indi- 
cates a  mainly  field-  émission  governed  breakdown 
mechanism.  Nevertheless  the  probability  of a  partie 
le  breakdown  increases  after  interruption  of  highei 
currents  even  for  diffuse  arcs. 

The  surface  microstructure  and  the  émission  be- 
haviour  dépends  strongly  on  the  prestress  of  the 
contacts.  Obviously  the  amount  of  charge  transfer 
by  the  arc  as  well  as  the  number  of  cathode  spots 
influence  the  a  and  g  values. 

The  Bxtremly  high  g  values  especially  produeec 
by  no  load  switching  eall  in  question  that  the a 
med  work  function  of  4.6  eV  is  représentative  fc 
interrupter  contacts  prestressed  at  actual  conditi- 
ons; particularly  as  the  results  for  increased 
sidual  pressure  gave  the  idea  that  the  work  funetio 
is  influenced  by  the  contact  surface  layer. 

As  already  assumed  in  [I]  ,  considération  of 
the  critical  field  émission  current  yields  a  rough 
qualitative  insight  into  the  surface  microstruc 
of  the  interrupter  contacts;  Especially  when  switch 
Ing  low  currents  or  performing  no  load  operatio 

The  breakdown  voltage  of  a  vacuum  interrupter 
gap  is  strongly  influenced  by  the  history  of  the 
contacts  as  well  as  by  the  applied  testing  voltage 
itself.  Heasurements  without  considering  those  facti 
can  yield  results  which  are  not  représentative  for 
the  insulating  performance  the  breaker  would  hai/e 
under  actual  conditions  [3] . 

The  occurrence  of  microdischarges  for  tungster 
électrodes  not  observed  for  Cu  contacts  indicates 
that  the  results  obtained  hitherto    may  not  be  ge- 
nerally  valid  for  other  materials.  Further  investi- 
gation is  necessary  in  order  to  reveal  this  matter. 
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[.  Introduction 

Phere  are  two  modes  of  cathode  opera- 
;ion,  namely  diffusive  and  contractive 
Ln  différent  discharge  devices.  For  the 
îontractive  discharge  current  transfer 
through  the  plasma-cathode  layer  is  pro- 
irided  by  stnall  cathode  spots. 
Dhe  investigation  showed  (p.e.   [1]  ), 
that  the  spots  located  on  the  cathode 
Dicro-non-inf orinaties,  consist  of  the 
array  of  smaller  éléments  cathode  micro- 
spots.   The  study  of  the  cathode  micro- 
spots development  dynamics  and  their  pa- 
rameters  enables  one  to  clear  the  gêne- 
rai questions  of  near-electrode  processes 
and  to  solve  connected  applied  problems. 
rhe  life-time  of  the  cathode  microspot 
Ls  one  of  the  most  important  parameters. 
àccording  to  some  investigations  hj^J» 
the  life-time  of  the  cathode  microspot 
ranges  from  few  tenths  of  microsecond  to 
tens  microseconds. 

In  the  présent  work  cathode  microspot 's 
life-time  have  been  measured  in  the  puise 
arc  vacuum  discharges  using  tungsten 
électrodes. 

2.  Diagnostic  technique  and  the  expéri- 
mental device 
The  cathode  processes  of  arc  were  recor- 
ded  on  the  photofilm  by  the  electron- 
optical  converter  with  space-time  présen- 
tation of  image. 

The  space-time  f our-dimentional  aperture 
function  of  the  process  is  S  (x,y,z,t), 
where  S  is  the  radionce,  that  was  repre- 
sented  by  16      space  two-dimentional  fun- 
ctions  S  (x,y),  of  which  every  other  one 
was  shifted  with  regard  to  the  preceding 
function  by  At  -the  exposure  time. 
The  microspot  life-time  can  be  calculated 
as 'îr  =n-ûT  where    n    is  the  number  of 
frames  contracting  a  microspot.  Phe  réfé- 
rence grid  was  projected  to  the  image  of 
the  studied  process  for  the  difinition 
of  the  microspot  spatial  position  on  the 
cathode  [3]. 

Pig.1  shows  the  principal  configuration 
of  the  expérimental  device.  Vacuum  Sys- 
tem provided  the  dépression      lO"  Torr 
in  the  chamber  (1),  in  which  the  expéri- 
mental model  (2)  was  installed. 
Electron-optical  converter  (3)  with  mic- 
rophotographie objective  (4)  was  used  to 
record  the  arc  cathode  processes.  For 
electric  discharge  in  the  expérimental 
model  the  storage  line  (5)  was  used,  that 
was  triggered  by  the  initiating  device 
(5)  with  synchronization  circuit  (7). The 
expérimental  model  (Fig.2)  includes  the 


cathode  (c)  in  the  form  of  tungsten  wire 
eut,  its  diameter  being  1  mm;  the  limit- 
ing  ceramic  washer  (w) ,  the  anode  (a) 
and  the  triggering  gun  (t). 
The  exposure  time  of  the  electron-optical 
converter  varied  from  0.05  to  0.5  micro- 
second. 

3 .  Expérimental  resuit s 

Fig.3  shows  the  copy  of  the  typical  arc 
cathode  process  photo,  the  discharge  cur- 
rent 100A.  The  exposure  time  àX  =0.2  mic- 
rosecond the  interframe  time  delay  can  be 
considered  in  significant. 
Statistical  data  has  been  obtained  con- 
concirning  the  microspot  life-time  and 
its  dynamics  in  puise  discharges^at  the 
cathode  température  of  about  300  K. 
Fig.4  shows  the  density  distribution  dia- 
gram  of  the  microspot  number  via  the 
life-time  (the  solid  line).  The  picture 
shows,  that  the  life-time  ranges  from 
0.05  to  2  microsecond  at  the  discharge 
duration  10  mcsec. 

The  most  probable  life-time  is  equal  to 
0.6  microsecond.  When  cathode  température 
increases  from  300°K  to  IOOO^'K,  the  dis- 
tribution diagram  changes  very  slightly, 
but  at  higer  températures  the  number  of 
microspots  with  short  life-time  decrea- 
ses  and  the  number  of  ones  with  long 
life-time  grows  (Fig.4,  broken  line). 
At  températures  up  to  1500°K  the  micro- 
spots cluster  to  a  single  macrospot, 
existing  during  the  hole  discharge  time. 

4.  Discussion 

One  has  to  note,  that  the  measurements  of 
the  life-time  were  carried  out  by  recor- 
ding  the  light  radiation  duration.  The 
cathode  flame  formation  may  be  considered 
as  the  initial  phase  of  a  microspot  deve- 
lopment. The  microspot  life-time  value, 
dépendent  on  the  current,  will  exceed  the 
measured  magnitude  by  the  time  interval 
needed  to  the  microspot  fixation  center 
from  the  current  start  to  its  thermal  ex- 
plosion. According  to  [4]  this  interval  is 
of  the  order  of  microseconds  for  a  tung- 
sten électrode  at  the  current  density 
-10'  A/sm^. 

The  microspot  life-time  measuremeat  accu- 
racy  is  limited  by  an  electron-optical 
converter  exposure  time. 
For  the  présent  case  it  is  equal  to  0.1 
microsecond.  Thet • s  why  the  accuracy  of 
the  most  possible  life-time  measurements 
is  limited  to  20%  level. 
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Fig.I.  The  expérimental  unit 
configuration. 
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Fig.4.  The  niicrospot  distribution 
on  the  light  -  time. 


Fig.E.  The  expérimental  model. 


Fig.3. 


The  cathode  microspots 
photo. 
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rHE  EFFECT  OF  NON-METALLIC  INCLUSIONS  AND  FILMS  0^ 
DN  SOME  PROCESSES  DURING  VACUUM  DISCHARGES 

D.I.  Proskourovsky  and  V.F.  Puchkarev. 

The  U.S.S.R.  Aaademy  of  Soienoes,  Siberian  Branah, 

Introduction,  l'aper  [l  ]  described  the  re- 
gularities  of  the  formation  of  émission 
centers  (e.c.)  imder  the  plasma  of  the 
cathode  spot  during  the  spark  and  the 
arc  stages  of  the  vacuum  discharge.  The 
comparison  of  expérimental  results  with 
the  conditions  in  the  pre-cathode  layer 
enabled  to  set  the  limits  of  realization 
of  two  possible  mechanisms  of  new  e.c. 
formation.  The  mechanism  connected  with 
the  microprotrusion  explosion  as  affected 
by  the  thermionic-field-emissive  current 
may  be  realized  at  a  distance  of  r<-10~^cm 
from  the  initial  émission  center.  The  me- 
chanism connected  with  the  breakdown  of 
non-metallic  inclusions  and  films  enables 
to  explain  the  new  e.c.  formation  at  a 
distance  of  r      10~^cm.  In  the  case  of  a 
spark  discharge  (di/dt  >  10® A/s)  new  e.c. 
can  émerge  according  to  the  second  mecha- 
nism at  distances  of    r  =  0.2-i-l  cm  at  mo- 
ments of  spike  on  the  ciirrent  traces  when 
the  periphery  plasma  sections  tvirn  out  to 
be  charged  up  to  a  high  (  ^  10-^V)  poten- 
tial  relative  to  the  cathode.  The  results 
obtained  in  [IJ  may  be  used  to  explain 
the  effects  observed  during  vacuum  dis- 
charges . 

1,  The  motion  of  the  vacuum  arc 
cathode  spot 
The  experiments  with  a  high  temporal  and 
spacial  resolution    2    detected  the  spots 
of  two  types:  fast  moving  spots  (the  Ist 
type)  and  slow  moving  ones  (the  2nd  type). 
In  our  opinion  the  moving  of  spots  of  the 
Ist  type  stipulated  by  the  decay  of  some 
fragments  and  by  the  appearance  of  others 
is  explained  by  charging  and  followed  by 
the  breakdown  of  non-metallic  inclusion& 
and  films.  As  it  is  shown  in  paper  [3] 
the  Ist  type  spots  émerge  only  on  the  non- 
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-conditioned  cathode  surface,  After  the 
cathode  being  conditioned  by  the  arc  dis- 
charges the  spots  turned  out  to  be  not  mo- 
bile inspite  of  the  présence  of  a  great 
number  of  micropoints  of  various  dimen- 
sions on  the  cathode,  The  craters  left 
after  the  spots  of  the  2nd  type  had  a 
relatively  large  dimensions  and  a  charac- 
teristic  substructure.  The  appearance  of 
the  substructiire  points  out  that  new  e.c. 
emerged  in  the  area  of  initially  appeared 
center  [4]  i.e.  only  in  this  case  the 
field-emission  mechanism  of  e.c.  forma- 
tion is  possible.  Thus,  one  can  suppose 
the  spots  of  the  2nd  type  to  be,  in  fact, 
the  spots  of  the  Ist  type  grouping  in  a 
very  small  area  (a  characteristic  distance 
between  the  fragments  is  ^  10~^cm) ,  the 
conséquence  of  this  is  the  manif istation 
of  additional  thermal  effects  increasing 
the  cathode  érosion. 

2.  A  spontaneous  émergence  of  new 
cathode  spots 
A  spontaneous  émergence  of  new  cathode 
spots  ahead  of  the  old  ones  is  known  to 
be  observed  at  the  current  growth  rate 
higher  than      10® A/s.  A  radial  extension 
of  the  spot  front  occtirs  only  during  the 
current  growth  stage,  the  maximum  exten- 
sion rate  being    2-lO^cm/s.  The  current 
growth  in  the  high-voltage  ignitron  as 
was  stated  [  !? 'J  to  be  accompanied  by  ap- 
pearance of  the  current  spikes  and  by  for- 
mation of  luminous  striations  between  the 
électrodes.  The  formation  of  striations 
seem  to  be  identified  with  the  moving  of 
more  dense  plasma  layers  from  the  trigger 
site  on  the  cathode  formed  in  the  consé- 
quence of  non-uniform  cathode  material  ar- 
rivai at  plasma.  The  resuit  of  this  is  the 
formation  of  breakages  in  plasma  with  a 
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considérable  potential  drop.  Comparing 
the  data  of  papers  [5,6]  with  the  résulte 
of  paper  [  I  J  we  may  assiime  the  spontane- 
ous  émergence  of  the  cathode  spots  during 
the  spark  discharge  to  occur  according  to 
the  mechanism  associated  with  the  break- 
dovm  of  non-metallic  inclusions  and  films, 
and  to  be  stipulated  by  the  charging  of 
the  plasma  periphery  layers  (r?-0,2  cm) 
up  to  a  high  potential.  Naturally,  the 
maximiam  spot  front  extension  velocity 
must  be  determined  by  the  cathode  plasma 
extension  velocity,  i.e.  it  is  to  be 
equal  2  10^cm/s. 

3.  The  cathode  érosion  during  nano- 
-second  vacuum  discharges 

The  investigations  of  the  cathode  érosion 
at  explosive  émission  showed  that  the 
more  the  e.c,  on  the  cathode  the  less  the 
material  removal  per  one  puise.  This  fact 
is  proved  in  [ 3J  by  the  way  of  comparison 
of  the  surface  of  Mo  wire  cathode  main- 
tained  in  ultra-high  and  oil  vacuum  dur- 
ing nanosecond  discharges.  In  pure  vacuum 
conditions  a  small  number  of  e.c.  seem  to 
function  on  the  cathode  in  conséquence  of 
which  the  craters  of  large  sizes  emerged. 
During  the  cathode  opération  in  oil  vacu- 
^m  the  crater  sizes  were  less  that  result- 
ed  in  more  smooth  cathode  surface.  We  also 
conclude  from  [3]  that  the  cathode  érosion 
in  the  oil  vacuum  is  lower  than  that  in 
the  UHV  one.  We  suppose  this  différence  to 
be  caused  by  the  présence  of  the  oil  film 
on  the  cathode  that  results  in  appearance 
of  a  great  number  of  e.c. 

4.  The  appearance  of  double  electric 
layers  in  "straight  discharge" 
type  assembly 

It  was  stated  [8],  that  there  is  appeared 
a  double  charged  layer  moving  from  the  ca- 
thode at  voltage  applicability  to  the  dis- 
charge gap  preliminarily  filled  with  plas- 
ma {n-^lQ^^cm''^) .  The  reason  of  the  appea- 
rance and  of  the  moving  of  the  layer  is 
that  the  plasma  density  increases  at  the 
cathode  up  to  the  value  exceeding  the 
plasma  density  in  the  gap.  However,  the 
pre-cathode  plasma  formation  mechanism 
wasn't  investigated.  It  is  shown  in  [  9 j 


that  the  pre-cathode  plasma  is  formed  wh 
a  crucial  charge  density  Q  =(l-5)10~^C/i 
on  the  surface  of  the  dielectric  films 
available  on  the  cathode  is  created.  The 
authors  believe  the  plasma  to  be  formed 
due  to  desorption  and  of  gas  ionization 
on  the  surface  of  thèse  films  by  the 
électrons  tunnelling  through  the  film. 
In  our  opinion  the  pre-cathode  plasma 
formation  in  the  System  of  occurs    due  t 
the  breakdown  of  non-metallic  films  and 
inclusions  and  of  the  émergence  of  an  ef 
fective  plasma  source  -  cathode  spot.  As 
it  is  shown  in  [l],  the  critical  siirface 
charge  density  resulting  in  the  film 
breakdown  is  ( 1*5 ) •10~^C/cm^  as  well. 
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^TRODUCTION :     It  has  prevlously  been  shown 
hat  a  rapidly  rlsing  magnetic  field  applied  per- 
endicular  to  the  électrode  axis  of  a  diffuse 
acuum  arc  créâtes  a  Hall  electric  field  and  sub- 
equent  anode  space  charge  région.    With  a  capaci- 
ance  of  50  to  200  yF  connected  in  parallel  with 
he  arcing  électrodes,  and  with  the  arc  voltage 
Islng  to  several  kilovolts,  the  arc  current  Is 
Bduced  with  possible  arc  extinction.  The 
resent  paper*  Is  concerned  with  expérimental 
Dservations  of  forced  arc  extinction  by  transverse 
agnetic  fields  at  current  levels  to  15  kA. 

iCPERIMENTAL  OBSERVATION  WITH  M  ESSENTIALLY 
[NEARLY  RISING  MAGNETIC  FIELD:     The  14  cm  diameter 
Lsk  shaped  électrodes  of  an  expérimental  vacuum 
îvice  were  separated  a  distance  of  2.5  cm  during 
le  current  rise  of  a  60  Hz  half  cycle.     At  current 
rest,  a  transverse  magnetic  field  with  an  initial 
ate  of  rise  of  7400  T/s  was  applied  to  the  vacuum 
rc.     This  field  waveform  had  a  sinusoïdal  rise  in 
0  ys  to  a  constant  value.     For  current  levels 
5  kA,  field  magnitudes  >0.03  T,  and  a  parallel 
apacitance  of  50  pF,  the  arc  extinguished  in  less 
han  20  ys.     We  explained^>^  thèse  observations  in 
erms  of  the  threshold  field  required  to  detach 
he  plasma  from  the  anode,  space  charge  formation 
n  the  anode  région,  and  conséquent  current  diver- 
ion  into  the  parallel  circuit.     Stefaniak^  has 
Iso  observed  that  the  arc  voltage  increases  when 
ields>0.03T  are  applied  to  low  current  vacuum 
rcs.     However,  Stefaniak  primarily  attributes  the 
oltage  increase  to  cathode  rather  than  anode 
heath  phenomena. 

e  now  report  that  at  current  levels  >5  kA,  and 
ith  the  above  expérimental  conditions,  the  arc 
urrent  only  approaches  current  zéro  during  the 
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Fiq.  1  -  Measurements  of  the  current  réduction  with  application  of  a  linearly 
rising  magnetic  field.  12-5  cm  électrode  séparation.  8  =  7400  T/s.  50  pF  parallel 
capacitance  1 

first  25  ys  of  approximately  rising  field.     The  arc 
current  then  rises  even  though  the  field  continues 
to  increase.     A  plot  of  the  current  réduction 
versus  initial  current  magnitude  appears  in  Figure 
1.     At  first  we  considered  that  the  minimum  in  the 
current  trace  was  associated  with  current  collect- 
ion from  the  residual  plasma,  and  that  the  subsé- 
quent rise  in  arc  current  was  associated  with 
cathode  spot  reignition.     However,  analysis  showed 
that  theoretical  residual  current  magnitudes  were 
too  low.     Furthermore,  there  was  no  observable 
reignition  peak  on  the  voltage  trace.     We  therefore 
conclude  that  cathode  spots  continue  to  burn 
throughout  the  period  of  field  application. 
EXPERIMENTAL  OBSERVATIONS  WITH  AN  OSCILLATING 
MAGNETIC  FIELD:     The  field  coil  power  supply  was 
modified  to  permit  application  of  an  oscillating 
magnetic  field,  and  a  schematic  of  the  overall 
circuit  appears  in  Figure  2.    With  a  magnetic 
field  frequency  of  5  kHz  and  maximum  field  change 
of  7000  T/s,  the  arc  was  forced  unstable  from 
higher  current  levels  in  the  range  of  10  to  15  kA. 
The  magnetic  field,  arc  voltage,  and  arc  current 
were  recorded  with  a  C.R.O.   following  field  appli- 
cation, and  représentative  traces  are  shown  in 
Fig.   3.     As  expected,  the  arc  voltage  varies  with 
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Fig.  2 -Circuit  schematic 
the  absolute  magnitude  of  the  magnetic  field. 
Further,  it  will  be  noted  that  the  current  is 
forced  into  oscillation  and  the  arc  is  extlnguish- 
ed  when  the  current  reaches  zéro  wlth  extinction 
of  the  last  cathode  spot.     The  probability  of  the 
arc  oscillating  to  current  zéro  was  observed  to 
decrease  when  the  natural  frequency  fj.  of  the  ca- 
pacitor  circuit  was  <_  twice  the  natural  frequency 
of  the  magnetic  field  f  . 


Time.  50MS/div 


Fig.  3  -  Arc  extinction  with  an  oscillating 
magnetic  field  from  an  initial  current  level 
of  8.5.kA 


We  are  presentiy  aiM.u±e  to  calculate  the  detailed" 
current  évolution  based  on  our  understanding  of  th 
arc  interaction  with  the  transverse  magnetic  field 
with  due  considération  of  the  parallel  circuit 
parameters.  When,  however,  the  arc  voltage  is  rea 
from  the  C.R.O.  trace,  the  current  passing  through 
the  vacuum  arc  can  be  calculated  by  just  consider- 
ing  the  local  LC  circuit. 

PARAlffiTERS  AFFECTING  ARC  EXTINCTION  WITH  AN 
OSCILLATING  MAGNETIC  FIELD:     Within  the  constraint 
fç,  ^  2fg,  the  probability  of  arc  extinction  in- 
creases  with  increasing  field  amplitude  and  field 
frequency.     This  is  consistent  with  previous^'^ 
observations  on  field  magnitude  and  field  rate  of 
rise  observed  with  an  essentially  linearly  rising 
field.     The  arc  should  be  in  a  diffuse  mode  prier 
to  field  application,  with  no  anode  spots  présent, 
and  with  the  multiple  cathode  spots  distributed 
over  the  total  électrode  surface.     The  effect  of 
the  initial  columnar  arc'*  is  not  yet  clear.  How- 
ever, we  have  observed  arc  extinctions  at  current 
levels  of  11  kA  when  the  électrodes  were  separated 
at  13  kA  and  the  field  was  subsequently  applied  at 
an  électrode  spacing  of  2  cm  within  2.8  ms  of 
électrode  part.     Wlth  respect  to  électrode  spacing, 
in  gênerai  the  probability  of  arc  extinction  in- 
creases  with  électrode  gap .     A  longer  gap  is 
associated  with  a  higher  dielectric  recovery  volt- 
age and  better  arc/field  interaction.  However, 
the  gap  length  should  not  be  great  enough  to  pro- 
mote  anode  spot  formation^  prior  to  magnetic  field 
application. 

CONCLUSIONS:     Application  of  a  rapidly  rising 
transverse  magnetic  field  to  vacuum  arcs  results 
in  appréciable  anode  space  charge  voltages.  In 
the  présence  of  a  parallel  capacitance  and  a 
linearly  rising  field,  the  arc  current  is  diverted 
into  the  parallel  capacitor,  and  arcs  of  <_5kA  are 
extinguished.     However,  cathode  spots  continue  to 
burn  at  higher  current  levels.    When  the  anode 
space  charge  has  a  periodic  nature  due  to  the  ap- 
plication of  an  oscillating  magnetic  field,  the  arc 
current  oscillâtes  with  a  frequency  determined  by 
the  field  and  parallel  circuit.    We  then  observe 
arc  extinction  from  initial  current  levels  of  up  to 
15  kA.  REFERENCES 
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ORMATION  OF  HIGH-CURRENT  AND  DENSITY  ELECTRON  BEAM 
M  GALLIUM  CATHODE  WITH  THE  LIMITED  EMISSION  SURFACE 


G.N.  Fursey,  V.M.  Zhukov,  L.A.  Shirochin,  A.F.  Aleksandrov  and  S.Y.  Galuso. 

The  Leningrad  Eleotroteohnioal  Communication  Institutc. 


As  was  shown  in  papers  /1,2/,  the 
explosive  émission  (EE)  of  solid  and  li- 
quid  galliiom  cathodes  is  characterised 
by  high  stability  of  EE  current.  The 
authouTS  of  paper  /3/  had  shown  that  the 
use  of  the  point  gallium  cathodes  with 
the  limited  émission  siorface  permits  to 
decrease  the  space  charge  in  a  diode  and 
to  reveal  the  émission  properties  of  EE. 
Use  of  such  cathodes  in  diodes  of  micro- 
second dirration  with  magne  tic  insulation 
makes  it  possible  to  obtain  sharply  fo- 
cused  électron  beams  with  a  total  cvtr- 
rent  about  300A,  energy  of  150  Kev  and 
the  current  density  measured  on  the  tar- 
get  of  about  lO^A  /cm2  /4/. 

It  is  known  /5,6,7/f  that  in  magne- 
tically  insulated  diodes  the  potencial 
drop  and  the  influence  of  the  magnetic 
field  of  électron  beam  on  the  transport- 
ing  field  decrease  when  the  ratio  f*  =  '^i/x^ 
tends  to  unity,  where  1i  and    le  -  in- 
ternai and  external  radii  of  the  beam. 
Thèse  are  the  beams  with  a  weak  diamag- 
netism,  i.e.  with  a  small  ratio  of  trans- 
versal and  the  total  énergies  of  élect- 
rons. In  the  conventional  constructions 
of  diodes  the  emitting  cathode  surface 
is  unlimited  and  the  majority  of  élect- 
rons is  emitted  in  the  direction  which 
is  normal  to  magnetic  force  lines.  It 
leads  to  greater  diamagnetism  in  the 
beam. 

We  made  the  butt-ended  cathode  of 
spécial  form  (the  emitting  surface  fac- 
ing  the  guldance  channel).  In  this  case 
the  transversal  motion  of  électrons  is 
possible  because  of  nonunif ormity  of 
electric  field  near  the  cathode  edge 

l'T.c  =(1'«-4-)*10-2cm7  and  the  influence 
of  high  space  charge  of  the  beam  élect- 
rons. The  first  factor  may  be  diminished 
by  deeping  the  cathode  edge.  For  the 
width  "a"  of  cathode  ring  about  10~2  mm. 
the  edge  sinking  is  of  the  same  order  of 
value.  The  second  factor  is  decreased  by 
limlting  the  emitting  surface  of  cathode 
/3/. 

As  was  noticed  in  /5/»  processes  in 
diode  influence  greatly  formation  and 
current  transporting  of  the  beam.  Ne- 
vertheless  versatility  of  processes  on 
the  cathodes  with  unlimited  and  conti- 
nuously  changing  emitting  surface  makes 
it  difflcult  to  completely  solve  the 
problem  of  beam  formation  in  a  whole 
beam  -  target  gap. 


We  supposed  that  in  case  when  the 
butt-ended  cathode  with  limited  emitting 
surface  is  used  the  exact  theory  de- 
veloped  in  /6,7/.  may  be  used  to  describe 
the  diode  part  of  beam  formation  too. 
Estimâtes  made  in  /6,7/  show  that  it  is 
sufficient  to  create  the  magnetic  field 
Bt  =8KHs  to  provide  the  guidance  of  beam 
with  the  external  radius  ïg  =0.5  cm, 
energy/  =2  beam  current  It    =10kA.  It  is 
also  shown  in  /?/,  that  increase  of  mag- 
netic field  upto  B>Be  produce  compress- 
ing  of  annular  beam  which  results  in  ré- 
duction of  external  radius.  It  may  be 
supposed  that  the  beam  which  is  formed 
in  such  a  manner  has  the  ratio  /♦«  1  and 
its  diameter  is  determined  by  the  cathode 
emitting  surface  De.  It  makes  possible 
to  accord  the  diode  impédance  with  the 
drift  space  of  accelerator  by  varing  the 
cathode  geometry.  Analysis  of  expérimen- 
tal data  may  be  carried  out  basing  on  the 
results  /8/,  which  lead  to  the  following 
formula,  supposing  the  small  diamagnetism 
of  the  beam; 

where  1^  -  radius  of  drift  tube;    f    -  to- 
tal électron  energy;    Q,  ^  ring  beam 
width. 

The  expérimental  test  of  validity  of 
supposition  concerning  small  diamagnetism 
of  beams  formed  on  cathodes  with  limited 
emitting  surface  is  the  subject  of  pré- 
sent paper.  Fig.1  demonstrates  the  scheme 
of  high  voltage  diode,  measxiring  devices 
and  gallium  cathode.  Total  diode  current 
lo,  drift  tube  and  anode  électrodes  cur- 
rent I^  ,  evacuated  beam  current  Ib  and 
accelerating  voltage  were  fixed  in  expe- 
riment.  The  vacuxim  was  of  10-5  Torr. 
Teflon  was  used  as  a  cathode  insulation. 
We  used  the  cathode  with  Dc=10;15;22  mm 
in  diameter  with  the  ring  cathode  thick- 
ness  a;=6.2  mm.  The  cathode  was  immersed 
in  homogeneous  magnetic  field  B=10  kHs. 
Distance  between  the  emitting  edge  of 
cathode  and  the  wall  of  drift  tube  was 

e/9'C  =2  cm.  The  drift  space  was  equal 
to  100  mm  and  its  diameter  was  26  mm. 

Fig.2,3  give  the  oscillograms  of 
current  and  voltage  and  current  to  vol- 
tage characteristics  of  the  evacuated 
beam  for  différent  cathodes.  Fig.3  gives 
the  values  of  current  calculated  (dashed 
lines)  by  formula  (I)  neglecting  the  po- 
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Fig.3    current  to  voltage  characteris-L 
tics.  1  -  steeC  cathode .2-gallium  ca- 
thode c  De  =  10mm    3  -    Dc=15  mm, 4  -  Dc=22mm 


Fig.l  The  scheme  of  high  voltage 
diode  and  gallium  cathode. 
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£'ig,.2.  The  oscillograms  of  currents 
and  voltage. 


tencial  drop  in  the  beam.  It  corresponds 
to  the  model  of  "Thin"  annular  beam, 
a  =  0.  For  comparison,  on  the  same  figure 
we  give  the  data  for  the  steel  cylindri- 
cal  cathode  with  unlimited  emitting  sur- 
face. The  significant  différence  between 
the  evacuated  beam  and  the  s.alculated 
beam  current  for  the  cathode  with 
De  =  22  mm  may  be  explained  by  the  fact 
that  électron  Larmour  radius  in  the 
transporting  field  is  of  the  same  order 
of  value  as  the  distance  between  emitt- 
ing edge  of  cathode  and  drift  channel 
wall.  This  results  in  the  loss  of  beam 
in  a  drift  space. 

Thus,  the  use  of  butt-ended  catho- 
des with  limited  emitting  surface  per- 
mits  produce  thin  annular  beams  auid  to 
calculate  current  in  diode  with  magnetic 
insulation  over  the  whole  space  of  for- 
mation and  beam  transporting  by  approxi- 
mate  formulae  (I). 
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—  Décharges  longues  et  foudre 
Long  sparks  and  lightning 
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CO2-LASER  PRODUCED  CHANNELS  FOR  GUIDING  LONG  SPARKS  IN  AIR 

D.  Koopman  ,  J.  Greig,  R.  Pechacek,  A.Ali  and  I.  Vitkovitsky,  R.  Fernsler**. 

^Naval  Researah  Laboratory,  Washington,  D.C.   20376,  U.S. A.,  **JACOR,  Alexandria,  Va.,  U.S. A. 
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The  ability  of  laser  radiation  to  influence 
the  paths  of  electrical  discharges  in  gases  has 
been  previously  observed"*"'^.     Excitation  and  ion- 

ization  were  believed  to  be  active  when  ultra- 

->  A  1 

violet  ,  visible  ,  or  near-inf rared  radiation 

from  Q-switched  lasers  was  focused  to  define  a 
preferred  discharge  path;  long  duration  10.6  mi- 
cron radiation  in  an  absorbing  atmosphère  was 
noted  to  achieve  guiding  by  raréfaction^.     In  our 
studies^,  pulsed  10.6  micron  radiation  from  a  TEA 
laser  has  been  used  to  produce  channels  in  ambient 
air  which  are  capable  of  guiding  discharges  near- 
ly  orthogonal  to  the  Initial  E-field,  over  dis- 
tances of  1-2  meters,  at  average  field  strengths 
as  low  as  1  KV/cm,  and  with  average  propagation 
velocities  as  high  as  10^  cm/sec.     The  mechanism 
by  which  thèse  channels  are  produced,  and  the 
properties  of  the  channels  which  influence  elec- 
trical discharge  processes,  have  been  the  subject 
of  continued  investigations. 

A  1  KJ,  10.6  micron  puise,  with  a  100  nsec 
Initial  spike  containing  about  30%  of  the  energy, 
followed  by  a  1.5  ysec  tail,  is  focused  by  a  3 
meter  l.l.  lens  from  its  original  20  cm  diameter 
to  a  focal  diameter  of  2  cm.     About  80%  of  the 
incident  energy  is  absorbed.     The  channel  appears 
as  a  tapered  cluster  of  optical  breakdown  "beads", 
extending  from  -1.2  meters  from  the  lens  to  ■•  0.1 
meters  beyond  the  focal  point.     Detailed  time- 
resolved  diagnostic  studies  have  shown  the  channel 


to  be  formed  by  a  complex  séries  of  events,  ini- 
tiated  by  laser  ionization  of  aérosol  particles. 
Spherical  blast  waves  from  the  résultant  plasma 
"beads"  combine  to  form  a  nearly  cylindrical 
shock  surrounding  a  turbulent,  low  density,  and 
partially  ionized  core,  which  expands  to  ~  4  cm 
diameter  at  focus.  Figure  1  présents  schlieren 
photographs  of  this  process.  Holography  confirms 
that  the  shock  is  a  compression  front,  and  shows 
the  core  is  a  région  of  below-atmospherlc  density. 


(0)   l  =  IOOnsec  (e)   I  =  l9^sec 


I  1    1  cm 

Flg.  1.  Schlieren  photographs  of  channel  forma- 
tion vs.   time  after  peak  of  laser  puise. 
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Optimum  guiding  of  discharges  occurs  between  5 
and     300  psec  after  the  puise.     Spectra  initiall 
show  lines  of  0  II  and  N  II,   indicating  T  ; 
30,000°K.     Later  a  continuum  spectrum,  believed 
due  to  electron-neutral  bremsstrahlung  from  the 
core,  decays  with  a  time  constant  of  -  10  usée. 
Microwave  absorption  measurements  at  A  =  4  mm 
indicate  n^  >  3xl0-'--^/cm^  in  the  core  until  t  >  50 
usée.     Combining  the  energy  absorption,  shock 
dynamics,  and  core  expansion,  we  compute  an 
average  température  of  ~  1500°K  and  near-ambient 
pressure  within  the  expanded  core.     After  300 
usée,  ambient  air  turbulently  mixes  into  the  core, 
cooling  it  to  .  500°K  by  1  msec.     Using  the  Saha 
equilibrium  relationship  for  the  reaction  e  +  O2 

we  find  that  thèse  températures  inhibit  néga- 
tive ion  formation,  allowing  the  residual  ioniza- 


tion  to  exist  as  free  électrons.     In  the  next 
few  msec,  continued  mixing  drops  T  below  500°K, 
and  électrons  will  recombine.     It  is  the  free 
électrons  which  allow  eleetrical  diseharges  to 
oecur  in  the  "return  stroke"  mode,  explaining 
guiding  and  the  fast  propagation  velocity.  An 
example  of  guiding  is  shown  in  Figure  2,  where  a 
near  -90°  turn  is  achieved  by  using  intersecting 
laser  beams  to  define  the  desired  spark  path. 
This  ability  to  direct  a  discharge  not  only  to, 
but  also  away  from,  a  designated  isolated  object 
is  essential  for  such  applications  as  producing 
the  conductivity  and  magnetic  fleld  configuration 
needed  to  propagate  relativistic  e-beams  to  pellets 
in  inertial  fusion  experiments. 
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Fig.  2.     A  guided  discharge.     Top:  expérimental 
set-up;  middle:   laser-ehannels ;  bottom:  eleetrical 
spark. 
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(ESURE  DE  LA  VITESSE  D'ASCENSION  DU  "RETURN  STRGKE"  EN  FONCTION 
t  LINTENSITE  POUR  DEUX  ECLAIRS  DECLENCHES 


P.  Hubert,  G.  Mouget*. 

CEA-Saolay,  Service  d'Electronique  Physique,  B.P.  N°2,  91190  Gi f -Sur- Yvette . 


La  vitesse  d'ascencion  de  la  décharge  en  retour 
(return  stroke)  est  une  caractéristique  impor- 
tante des  coups  de  foudre.     En  effet,  cette 
vitesse  est  reliée  aux  paramètres  physiques  du 
canal  (1,2)  et  sa  connaissance  est  indispensable 
pour  interpréter  les  signaux  électromagnétiques 
rayonnes  à  distance  (3).     Malheureusement,  les 
mesures  faites  jusqu'à  ce  jour  sont  peu 
nombreuses  et  révèlent  une  large  dispersion  sans 
qu'il  ait  été  possible  d'en  déduire  une  loi  de 
variation  en  fonction  des  caractéristiques  de 
l'impulsion  de  courant  (4).     Les  éclairs 
déclenchés  à  St. Privât  d'Allier  offrent  des 
facilités  exceptionnelles  pour  mesurer  cette 
vitesse  dans  d'excellentes  conditions  (5),  c'est 
pourquoi,  au  cours  de  l'été  1978  nous  avons 
entrepris  cette  étude  avec  une  technique  qui,  à 
notre  connaissance,  n'avait  encore  jamais  été 
utilisée  avec  succès. 
Principe  de  la  mesure 

On  utilise  un  appareil  photographique  où  le  film 
est  remplacé  par  un  écran  opaque  percé  de  deux 
fentes  horizontales.     Derrière  chaque  fente,  un 
récepteur  photoélectrique  (diode  au  silicium) 
donne  un  signal  qui  est  amplifié  par  une  élec- 
tronique appropriée.     L'appareil  installé  a 
3  )an  de  la  station  foudre  est  orienté  de  telle 
sorte  que  les  fentes  découpent  deux  tranches  qui 
définissent,  à  la  verticale  de  la  station,  une 
altitude  de  304  m  et  de  566  m  au-dessus  du  sol, 
respectivement. 

temps  qui  sépare  le  front  des  impulsions  lumi- 
neuses détectées  derrière  chaque  fente.  Pour 
cela,  les  signaux  sont  enregistrés  sur  bande 
magnétique  en  utilisant  deux  enregistreurs  vidéo 
modifiés  (6)  qui  présentent  une  bande  passante 
de  3  M  Hz .     Comme  chaque  enregistreur  ne  possède 
qu'une  seule  voie  et  que  la  synchronisation 


serait  difficile  on  envoie  sur  un  enregistreur 
le  signal  provenant  d'une  fente  (fente  du  bas) 
et  sur  l'autre  la  somme  des  signaux  des  deux 
fentes.     Il  est  ainsi  possible  de  recaler  les 
enregistrements  et,  par  soustraction,  d'identifier 
le  signal  de  la  fente  du  haut.     Les  photodiodes 
détectent  le  passage  du  précurseur  descendant, 
puis  celui  du  "return-stroke" ,  ce  qui  donne  des 
repères  pour  contrôler  le  sens  de  la  progression. 
Propriétés  des  éclairs  étudiés 

La  mesure  a  réussi  pour  deux  éclairs  (tirs  7813 
et  7814)  qui  correspondent  à  des  déclenchements 
anormaux,  c'est-à-dire  que  la  décharge  n'a  pas 
suivi  le  fil,  mais  qu'elle  s'est  déroulée 
suivant  un  processus  qui  a  été  analysé  par 
ailleurs  (7).     Cette  situation  est  particulière- 
ment intéressante  car  on  se  trouve  pratiquement 
en  présence  d'un  éclair  descendant  classique. 
L'éclair  7813  présente,  en  outre,  l'avantage 
d'être  tout  de  même  tombé  sur  le  pylône  de 
mesure,  ce  qui  a  permis  la  mesure  directe  du 
courant.     Cet  éclair  a  duré  0,52  s  avec  8 
impulsions  supérieures  à  5  kA,  32  impulsions 
supérieures  à  1  kA  et  une  composante  persistante 
transportant  96  Cb. 
Résultats  et  conclusion 

En  ce  qui  concerne  l'éclair  7813,  la  mesure  de 
la  vitesse  donne  des  résultats  clairement 
interprétables  pour  les  7  premières  impulsions 
qui  se  sont  produites  avant  l'apparition  du 
courant  persistant.     Les  résultats  apparaissent  . 
sur  la  figure  1  sur  laquelle  on  a  aussi  porté 
4  points  relatifs  à  l'éclair  7814,  dont  1  point 
pour  la  première  impulsion  et  3  points  pour  des 
impulsions  apparues  à  la  fin  de  l'éclair  après 
extinction  du  courant  persistant. 
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On  notera  que  chacun  des  deux  points  correspondant 
à  la  première  impulsion  sont  assez  proches  de  la 
courbe  théorique  de  Lundholm  et  Rusk,   cités  par 
K. Berger   ( réf . 1 ,p. 1 77 ) .     Par  contre,   les  points 
correspondant  aux  impulsions  subséquentes  sont 
très  éloignés  de  la  courbe. 

Il  faut  souligner  que  nos  résultats  tiennent 
compte  de  nombreux  éléments  d'information  parmi 
lesquels  nous  citerons  particulièrement: 

-  Mesure  du  courant  par  shunt  résistif  (tir  7813) 
et  aussi  par  capteur  magnétique  proche  (7813  et 
7814) . 

-  Photographies  stéréo  permettant  de  reconstituer 
le  canal  dans  l'espace  à  3  dimensions. 

-  Cinématographie  à  700  i/s  permettant  d'identifier 
la  branche  correspondant  à  chaque  amorçage. 

Pour  l'éclair  7813,  les  fentes  de  visée  découpent 
une  fraction  du  canal  dont  les  9/10  de  la  longueur 
appartiennent  au  tronc  commun  et  qui  se  poursuit 
pour  1/10  seulement  après  l'intersection  avec  la 
première  fourche.     Dans  ces  conditions,  le 
résultat  n'a  été  que  peu  modifié  par  le  phénomène 
de  ralentissement  au  passage  de  chaque  embranche- 
ment.    Par  contre,  cette  condition  n'est  pas 
remplie  pour  l'éclair  7814,  ce  qui  peut  expliquer 
une  vitesse  un  peu  plus  lente. 

Compte  tenu  de  ces  remarques,  nous  pensons  que  la 
be  théorique  et  les  points 


différence  entre  1^ 
expérimentaux  est  : 


^elle 
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ARIATION  OF  CORONA  INCEPTION  AND  SPARKOVER  WITH  POSITIVE  IMPULSE 
□LTAGE  IN  A  ROD/PLANE  GAP  :  EFFECT  OF  NEGATIVE  SMALL  ION  VARIATION 

N.L.  Allen,  T.E.  Allibone  and  D.  Dring. 

Department  of  Eleatrieal  and  Electronic  Engineering,  The  University  of  Leeds,  LEEDS  LS2  9JT,  U.K. 


INTRODUCTION 

The  times  to  inception  of  corona  and  sparkover 
in  a  rod/plane  gap  are  affected  by  the  probabil ity 
of  occurrence  of  création  of  a  free  électron  close 
to  the  anode  (l)-(4).      No  systematic  measurements 
have  been  reported  in  which  the  séquence  of  events 
during  individual  impulses  has  been  studied  at  a 
number  of  voltage  steps  between       and  U^qq  while 
determining  the  sparkover  characteri sti es .  This 
paper  describes  measurements  in  which  radioactive 
sources  have  been  used  to  vary  the  ion  density. 
EXPERIMENTAL  ARRANGEMENTS  AND  PROCEDURE 

The  work  was  carried  out  using  a  2cm  dia  hemi- 
spherical ly-ended  brass  rod,  60cm  above  a  Im  dia 
plane.      Impulse  voltages  (+  13/2000  ys)  vjere 
appl ied . 

Background  ion  densities  were  varied  by  using 
ImCi ,  14mCi  and  lOOmCi  C^^"^^  sources  each  placed 
in  its  lead  container  level  with  the  plane  and  50cm 
from  the  axis  of  the  rod/plane  gap.      A  collimated 
Y-ray  beam  was  pointed  upwards  parallel  to  the 
électrode  axis,  without  impinging  upon  the  élec- 
trode surfaces.      The  smal 1  ion  densities  were 
sampled  50cm  from  the  axis  and  were  measured  with  a 
Gerdien  ion  counter  (5).      Corona  inception  times 
(T^)  were  obtained  using  a  photomul ti pl i er  unit. 

Sparkover  characteri sti es  were  determined  for 
each  background ion  density  by  applying  20  impulses 
at  any  one  voltage  setting  at  intervais  of  20  sec. 

RESULTS 

Inception  times  to  the  first  corona  puise  are 
given  in  Table  1,  and  the  sparkover  characteri sti es 
in  Fig  1  (a)-(e)  were  derived  from  the  same  set  of 
results.  The  background  négative  ion  density  was 
measured  with  no  impulses  appl ied,  and  the  follow- 
ing  trends  are  évident: 

a)     Average  inception  times,  and  the  earliest 
inception  times    of  the  range,  were  net  signifi- 


cantly  reduced  at  constant  voltage  by  increasing 
the  négative  ion  density  up  to  1030  ce  \  Using 
the  lOOmCi  source  (5200  cc'^),  inception  times  were 
approximately  those  obtained  with  the  source  in  the 
rod  (>  80,000  cc'^  ). 

b)      Inception  times  were  only  moderately  reduced 
with  increasing  voltage  at  constant  background  ion 
density.      For  the  two  highest  densities  (>  5200 
ce  ^)  T^  was  gênerai ly  reduced. 
DISCUSSION 

The  most  important  feature  of  the  results  is 
that  with  the  background  négative  small  ion  densit- 
ies within  the  range  150  cc"^  to  1030  ce"',  there 
was  no  significant  change  in  either  the  corona 
inception  time,  at  a  given  voltage,  or  in  the 
sparkover  characteri sti es .      Thus,  day-to-day  var- 
ations  in  the  small  ion  density  in  the  atmosphère, 
which  are  well  within  thèse  limits,  will  have  no 
effect  upon  sparkover  characteri sti es .      They  can- 
not  cause  the  anomalous  results  (6)  where  occas- 
ional  sparkover  characteri sti es  with  naturel  back- 
ground are  similar  to  that  of  curve  (e),  since  the 
natural  ion  density  in  this  laboratory  has  never 
exceeded     400  ce  ^ . 

At  the  higher  densi ties,  where  the  corona 
inception  times  (and  hence  size  of  corona)  were 
significantly  reduced,  the  slope  of  the  sparkover 
characteristic  increased.      The  condition  for  the 
increase  in  slope  requires  a  background  density  of 
négative  ions  between  1030  and  5200  ce  \ 
Négative  Ions  and  Corona  Initiation 

It  is  generally  assumed  that  corona  is  initi- 
ated  by  électron  detachment  from  a  négative  ion 
near  the  tip  of  the  rod.  However,  the  négative 
ion  density  immediately  before  each  impulse  would 
be  much  lower  than  the  background  values  quoted 
here,  due  to  combination  with  the  large  excess  of 
positive  ions  produced  by  positive  corona  (5)  and 
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sparks.      Since  reliable  négative  ion  densities 
could  not  be  measured  during  the  experiments ,  an 
argument  adopted  earlier  (7)  was  used  to  estimate 
their  value  knowing  that  the  positive  ion  density 
before  each  impulse  was  %  10  times  natural  back- 
ground.      The  value  estimated  was  of  the  order 
one-tenth  of  background.      Thus,  the  présence  of 
the  radioactive  sources  raised  the  négative  ion 
densities  during  the  experiments,  but  only  when  a 
background  of  5200  cc'^  existed  were  they  suffici- 
ent  to  change  the  corona  and  sparkover  character- 
i s  tics. 

Table  1  shows  that  with  the  largest  background 
ion  densities,  the  earliest  inception  times  tend 
towards  limiting  values  and  hence,  minimum  fields. 
This  may  be  compared  to  the  results  of  Hutzler 
(8)  and  Fieux  and  Hutzler  (3),  where  a  12  cm  gap, 
having  a  rod  of  2  mm  dia.,  was  subjected  to 
enhanced  négative  ion  concentrations  from  a  neigh- 
bouring  négative  corona  discharge.      The  first 
"pre-onset"  corona  was  reported  to  be  suppressed 
by  the  enhanced  négative  ion  concentration,  and 
was  replaced  by  an  earlier  avalanche  which  failed 
to  develop  a  streamer.      However,  actual  ion  con- 
centrations in  the  gap  were  not  estimated. 

In  the  présent  work,  a  transition  from  a 
streamer  to  an  avalanche  could  not  be  observed. 
However,  the  tendency  towards  a  limiting  corona 
initiation  time  and  minimum  field  at  >  80,000  cc'^ 
suggests  that  avalanches  are  not  significant  before 
this  time.      Taking  a  simple  expression  (1)  for 
the  axial  field  at  the  tip  of  the  rod,  E  =  V/2r, 
the  earliest  corona  with  ail  three  impulse  volt- 
ages studied  occurred  at  a  field  of  38  kV  cm'^ 
This  may  be  compared  with  minimum  values  of  the 
order  30  kV  cm  ^  for  inception  reported  by  the  Les 
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SPARKOVER  VOLTAGE,  kV 
FIG  1  SPARKOVER  CHARACTERISTICS 
a)  150  ions  ce"''  (natural),  b)  270  ions  cc'^ 
(ImÇi),  c)  1030  ions  ce"''  (MmCi),  d)  5200  ions 
cc"l  (lOOmCi),  e)  >  80,000  ions  cc"1  (lOOmCi  in 
rod) 


Renardières  group  (2).      Minimum  fields  for  corona 
inception  are  the  subject  of  further  work  in 
progress  in  this  laboratory. 
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Radiation 
Source 

Small 

Négative 

Ion 

Density 
cc"^ 

Crest 
Voltage 

kV 

Inception  Times 

Range 
ys 

Mean 

VIS 

A)  No 

irradiation 

(natural 

background) 

150 

269 
284 
301 
317 
337 

3.6-  9.3 
3.5-7.4 
3.4-6.6 
3.4-8.2 

3.7-  7.4 

6.1 
5.6 
5.3 
5.3 
5.6 

B)  Im-Curie 
Csl37 

(50  cm  from 
axis) 

270 

267 
286 
302 
317 
334 

3.8-8.6 

3.4-  8.0 

3.5-  8.1 
3.8-6.7 
4.4-6.8 

5.9 
5.0 
5.6 
5.6 
5.7 

C)  14m-Curie 
Csl37 

(50  cm  from 
axis) 

1030 

270 
284 
301 
316 
336 

4.5-8.9 
4.5-8.2 
3.9-7.9 
4.5-8.3 
3.8-7.5 

6.4 
6.4 
5.7 
5.9 
5.8 

D)  100m- 
Curie  Csl37 
(50  cm  from 
axis) 

5200 

263 
269 
274 
282 

3.4-4.5 
3.4-4.7 
3.3-4.6 
3.1-4.2 

3.7 
3.9 
3.8 
3.4 

E)  100m- 
Curie  Csl37 
(Source  in 
Rod) 

>80,000 

256 
267 
276 

3.2-3.5 
3.1-3.3 
3.0-3.3 

3.3 
3.2 
3.1 

TABLE  1      TIMES  TO  CORONA  INCEPTION 


Impulse:  13  ys  to  crest,  2000  ys  decay  to  half 
value:  20  shots  at  each  voltage 
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tEAKDOWN  CDF  SPHERE  AND  SPHERE/PLANE  GAPS  STRESSED 
[TH  D.C.  VOLTAGE  ;  THE  EFFECT  OF  "CONDITIONING" 


T.E.  Allibone  and  J.C.  Saunderson. 

Eleotrioal  Engineering  Department,  The  city  Univ^ 


"-.y,  London,  U.K. 


[ntroduction 

Very  little  information  has  been  published  on 
:he  behaviour  of  sphere-gaps  stressed  with  D.C. 
voltages,  and  none  on  the  behaviour  of  sphere/plane 
;aps,  and  the  authors  have  found  no  précise  guid- 
Ince  as  to  the  treatment  which  should  be  accorded 
;o  the  surface  of  sphères  before  using  them  for 
voltage  measurement. 

Bowers  and  Kuntke  (1937)  made  the  first 
neasurements  of  the  sparkover  voltages  of  a  1  m  dia 
3phere-gap  stressed  with  D.C.      On  négative _ 
jolarity  the  sparkover  characteristic  coincided 
Ath  Meador's  (1934)  négative  impulse  voltage _ 
:alibration  of  the  1  m  sphere-gap,  and  on  positive 
jolarity  it  lay  some  3%  below  Meador's  positive 
impulse  voltage  calibration,  both  values  being 
lower  than  the  A.C.  calibration  then  quoted  in  the 
V.D.E.  spécification.      Bowers  et  al  made  the 
interesting  observation  that,  on  positive  polarity, 
sparkover  can,  infrequently ,  take  place  over  far 
greater  distances  than  the  normal;    e.g.  at  800  kV 
at  the  12%  greater  distance;     at  900  kV,  30% 
greater  and  at  lOOOkV,  50%  greater  than  normal. 

Udo  and  Watanabe  (1968)  calibrated  a  0.75  m 
dia  sphere-gap  with  D.C.  and  found  that  results 
agreed  with  the  présent  TEC  calibration  of  such  a 
gap  under  impulse  voltages  (TEC  52-1960)  but  made 
no  référence  to  dispersion  of  sparkover  values. 

Colombo,  Mosca  and  Motta  (1972)  calibrated 
0.5  m  dia,  1.0  m  dia  and  3.0  m  dia  sphere-gaps  with 
D.C;     their  calibration  for  the  1  m  sphères  lay 
some  5%  below  that  of  Bowers  et  al  on  positive  D.C. 
and  the  standard  déviation  from  the  mean  of  20 
déterminations  at  each  gap  setting  rose  to  2.5%  for 
a  spacing  S  =  0.5D.      They  showed  that  for  the  3  m 
sphères  spaced  at  0.5  m,  after  a  period  >  1  day 
without  use,  sparkover  began  at  90%  of  the  normal 
S.O.V.  and  rose  to  98%  only  after  some  50  sparks. 
For  the  1  m  sphères,  likewise  spaced  at  0.5  m,  a 
small  number  of  "anomalous"  sparks  occurred  at 
voltages  below  the  mean  by  varions  amounts  as  low 
as  6  times  the  standard  déviation. 

No  writers  have  commented  upon  the  occurrence 
of  the  anomalous  sparkover  voltages  signif icantly 
above  the  mean  value. 

Such  anomalous  high  values  were  reported  by 
Vibholm  and  Pedersen  (1974)  when  applying  1.2/50us 
impulses  of  négative  polarity  to  a  0.45  m  rod/rod 
gap,  using  brass  électrodes.      When  the  électrodes 
were  cleaned  repeatedly  throughout  the  test,  a  well 


defined  Gaussian  distribution  curve  of  sparkover 
was  obtained,  the  V  5-o%value  of  which  was  17% 
higher  than  that  obtained  after  the  électrodes  had 
been  "conditioned"  with  3000  sparks.  Copper 
électrodes  behaved  similarly,  but  aluminium  and 
stainless  steel  électrodes  showed  an  opposite 
effect  (détails  were  not  given) .      One  of  the 
présent  authors  (Allibone  and  Dring  1979)  has  re- 
peated  this  work  and  found  a  strong  effect  with 
brass  électrodes  stressed  with  switching  impulses 
of  négative  polarity.       The  présent  authors 
(Allibone  and  Saunderson  1979)  have  found  extremely 
large  effects  with  a  variety  of  rod/rod  électrodes 
of  différent  materials,  the  gaps  being  stressed 
with  D.C. 

In  this  paper  the  behaviour  of  sphère /sphère 
and  sphere/plane  gaps  has     been  studied,  the 
surfaces  of  the  latter  having  been  cleaned  or, 
alternatively,  'conditioned'. 


The  D.C.  gênerai 
stages  o! 


Apparat us 

:  is  of  the  Cockcrof t-Walton 
ï-oltage  multiplication  and  it 
u^:,        output  capacitance  of  0.005  yF  at  10^  volts. 
It  is  connected  to  the  sphere-gap  and  sphere/plane 
gap  through  a  non-inductive  résistance  of  10  ohms. 
The  whole  is  corona-free  except  for  the  gap  under 
test.      For  voltage  measurement  a  10  ohm 
résistance  potentiometer  bridges  the  whole 
generator . 

Voltage  calibration 

The  D.C.  generator  was  calibrated  up  to  300  kV 
against  an  electrostatic  voltmeter  (Waterton  1976) 
accurate  to  ±  0.25%;     this  in  turn  agreed  to  within 
0.25%  with  the  voltage  recorded  by  the  résistance 
voltmeter  and  with  the  0.75  m  sphere-gap  at  300  kV. 
Calibration  by  this  voltmeter  up  to  700 _kV  agreed 
with  BSS  137  on  both  polarities  to  within  1.5%  on 
négative  and  3%  on  positive  polarity. 

Results 

(1)     Sphere-gap  breakdown.      Fig.  1  illustrâtes  a 
difficulty  encountered  in  the  measurement  of  D.C. 
voltages.       The  0.75  m  sphères  had  been  cleaned  as 
normal ly  recommended  and,  spaced  at  0.3  m,  were 
used  to  calibrate  the  set  first  on  négative  and 
then  on  positive  polarity.       Sparkover  first 
occurred  some  16  times  at  voltages  below  the  value 
of  -  660  kV,  the  BSS  figure  corrected  for  air 
density  on  the  day  of  the  test.      Even  after 
reaching  -  660  kV  there  were  several  abnormally  low 
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■  thaï 


•  been  tested  \ 


ro 


number  of  sparks. 


Fig  1.  Séquence  of  sparkover  voltages  of 
a  0.3m  gap  between  sphères  of  0.75m  dia. 

  Négative  polarity,  xxxxx  positive, 

breakdowns.      On  positive  polarity  there  were  some 
sparks  at  5%  below  the  anticipated  value  but  in 
gênerai  at  ail  gap  spacings  there  were  few  low 
î  resuit  différent  from  that  quoted  by 


al. 


(2)     Sphère /plane  breakdo^ 


0.25 

they 


Sphei 


i  of  0.125  I 


id  0.5  m  diameter 
leaned  by  the  accepted  methods  and  then, 
they  were  extremely  thoroughly  cleaned 
th  a  nylon  pad  of  the  kind  used  in  the  home  (e.g. 
brand  named  Scotbrite) . 


afte 


The  behaviour  of  the  0.25  m  sphere/plane  gap 
is  shown  in  Fig.  2.      The  sparkover  voltages  on  thi 
two  polarities  lie  between  those  of  a  rod/plane  ga] 
measured  in  the  laboratory:     thèse  are  shown  as  th( 
two  slanting  lines.      Very  wide  scatter  was  en- 
countered  on  both  polarities:     values  are  shown  by 
the  vertical  lines.      On  positive  polarity  scatter 
diminished  as  the  gap  increased  to  1.5  m  but  on 
négative  polarity  it  remained  high  up  to  700  kV. 


foo 


IS  m 


Fig.  2.      Sparkover  of  a  0.25  m  sphere/pla 
total  range  and  mean  positi 


sphe 


lally  cleai 


sphère  thoroughly  cle; 
I    range  of  négative  s.o.v.,  sphère  as 
I       normally  cleaned 
O  sphère  thoroughly  cleaned. 


Aftei 
sparkover 
rarely  ext 


the  thorough  scouring  with  nylon  ail 
values  were  increased  and  the  scatter 
eeded  1%.  The  withstand  voltage  in- 
rkedly;  a  0.5  m  gap  with  a  breakdown 
om  +260  to  370  kV  now  withstood  +390  kV 

:est  and  continued  sparking  did 
the  breakdown  voltage  to  fall,  -  in 
trast  with  the  behaviour  of  rod/plane 


It  has  not  been  possible  to  examine  the  su- 
face  to  seek  a  cause  for  this  improved  performance 
but  at  least  it  can  be  said  that  normal  degreasing, 
then  the  use  of  fine  emery  and  then  chamois  leather 
is  not  sufficient  to  stabilise  the  sphere/plane 
sparkover  mechanism. 


negati' 


stroke  obser 


  In  the  D.C.  corona, 

polarity,  between  sphère  and  plane  at  1 

ider-strokes  cross- 
he  cathodi 
ching  both  ways 


lible  I 


oss-j 


spaci'ng  it  is  po 
ing  almost  half  of  the  gap  fn 
addition,  mid-gap  streamers  b: 

first  recorded  by  one  of  the  authors  (Allibone  and 
Meek  1938)  can  be  seen  at  locations  some  30%  below 
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We  consider  the  initital  stage  of  the  leader  propa- 
gation in  a  point-to-plane  air  gap  at  switching 
surge  voltage  (impulse  voltage  with  front  duration 
of  some  hundreds  of  micro-seconds).  In  this  stage 
corona  ahead  of  the  leader  has  not  reached  the  plane 
électrode  so  that  the  current  of  the  gap  is  still 
small . 

Tne  electronic  current  of  the  leader  channel  is 


where    r    -  radius  of  the  channel  crosssection,  in 
cm 

q    -  elementary  charge  in  As 
V    -  drift  velocity  of  électrons  in  cm/s 
-  average  électron  density  in  cm  "3. 

On  the  other  hand  i  =  Q  v  where  Q  -  electronic 
charge  of  the  channel  in  As/cm. 


Tt  r  q 

The  value  of  r  dépends  mainly  on  the  diffusion  of 
the  électrons,  on  the  ionization  due  to  the  radial 
field  of  the  channel  and  on  gas  expansion  i  the 
channel.  As  we  are  not  able  to  take  into  account 
ail  thes  processes,  we  consider  only  the  radial 
diffusion  of  électrons  which  drift  along  t.he  chan- 
nel axis.  In  this  way  the  lower  limit  of  r  will  be 
calculated. 

We  assume  as  a  first  approximation  that  r  at  the 
cathode  end  of  the  channel  equals  zéro,  further 
that  électrons  are  moving  in  a  uniform  field  and 
that  a  Maxwellian  distribution  of  électron  veloci- 
ties  is  the  case.  Then  the  radius  of  the  channel 
defined  as  the  average  radial  displacement  of  élec- 
trons from  the  channel  axis  in  time  t  is 


/8 


1/2 


where  D-electron  diffusion  coefficient. 

?  -  V  l 

We  substitute    D=-^eu.    V-  =  j_    and  t=- 

where  ë  -  mean  random  energy  of  électrons  in  V, 
u  -  mobility  of  électrons  in  cm^/Vs 
l  -  distance  of  the  considered  cross-section 

of  the  channel  from  its  cathode  end,  in 

cm 

E  -  field  gradient  in  V/cm. 
Hence  finally 

-     /16  ë£\^/^ 


We  assume  that  the  gas  pressure  in  the  channel  is 
equal  to  atmospheric  pressure  (justification  - 
see  later).  Using  data^  relating  e  and  E  values 
we  obtain  nummerical  r  values  presented  in  Table  1. 


^""-\^-C(cnfl) 
E(kV/cmr^-^ 

10 

100 

300 

1 

0.13 

0.40 

0.70 

3 

0.11 

0.36 

0.63 

6 

0.09 

0.29 

0.53 

In  order  to  détermine  the  range  of  Ng  values  we 
assume  that  Q  in  équation  (1)  is  equal  to  the  posi- 
tive charaes  per  unit  lenoth  of  the  channel,  measu- 
red  in  2.  The  average  value  of  this  ch^arge  is  lO"'' 
As/cm.  Inserting  this  value  of  Q  and  r  values  from 
Table  1  in  équation  (1)  one  obtains  that  Ng  is  in 
the  range  lO^  -  10^3  electrons/cm3.  The  actual  r 
values  are  larger  than  those  of  Table  1,  because 
we  have  taken  into  account  only  the  dijffusion  of 
électrons.  If  for  instance  the  actual  r  values  are 
three  times  larger  than  those  in  Table  1,  the  ac- 
tual density  of  électrons  is  10^0  -  10l2  elec- 
trons/cm3. 

Let  us  now  estimate  the  température  of  the  channel 
under  assumption  that  this  density  of  électrons  is 
produced  by  the  thermal  ionization.  If  tlie  ratio 
of  the  électron  density  to  the  particle  density  is 
low  and  if  the  électrons  are  in  thermal  equilibrium 
with  gas  particles,  Saha's  équation  can  be  written 
in  the  form 


,5/2 


qv. 

•  TT 


(2) 


where    Ng  -  density  of  électrons  in  cm_2, 
N    -  density  of  molécules  in  cm  , 
P    -  gas  pressure  in  torr, 
T    -  gas  température  in  °K, 

-  ionization  potential  of  the  gas  in  V, 
q    -  elementary  charge  in  As, 
k    -  Boltzmann's  constant  in  Ws/  K. 

As  the  ionization  potentials  of  N2  and  O2  are  15,5 
V  and  12,2  V  respecti vely ,  we  assume  in  this  approxi- 
mate  calculation  Vi  =  14,5  V.  Because  the  input 
current  of  the  leader  is  low,  the  rate  of  rise  of 
the  channel  température  should  be  also  low.  As  the 
channel  will  expand,  its  gas  pressure  cannot  differ 
appreciably  from  the  atmospheric  one.  Therefore  we 
substitute  in  (3)  p  =  760  torr.  With  thèse  nummeri- 
cal value  one  obtain 
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N    =  2.7  X  10     ^  with  units  cm     and  "^K. 
e  T 

As  it  is  shown  in  Fig.  1  the  électron  densities 
IqIO  -  ]ol2  cm"3  are  reached  if  channel  température 
is  around  4000-5000  °K. 


E_Q  ^ 


-rr  -  rate  of  température  ri  se  of  the  chan- 

^  nel  in  oc/s, 

c    -  spécifie  heat  of  air  in  Ws/g  °C, 

-  spécifie  weight  of  air  in  g/cm^. 


With  nummerical  values: 
c    =  1  Ws/g  oc,  G  =  1.3  : 


0  '  As/cm,  E  =  3  kV/ 
'  g/cm3,  one  obtains 


=  1. 


,  10' 


,6  0, 


C/s  and  1.8  ) 


,5  0, 


C/s  at  r  =  0.35 


F^ig.  1.    V^niity  of,  zZ^cX/iom,  pKoduczd  by  thvmat 
lonizcution  in  cUa  cu>  a  Sanction  oÂA 
tmpzAoZuJid. 

We  question  now  if  the  considered  channel  can 
reache  thèse  températures.  Let  us  therefore  compare 
the  input  energy  to  this  channel  with  the  loss  of 
energy  by  radiation.  As  a  degree  of  ionization  in 
the  channel  is  very  low  we  consider  thèse  channel 
as  unionized  and  consequently  radiating  as  a  black 
body.  The  loss  by  radiation  per  unit  length  from 
the  channel  is 

=  -  2ti  r  a 

where  a-Stefan-Bol zmann ' s  constant. 

At  the  température  4900°K  (r  =  0.36  cm)  the  power 
loss  is  about  7  kW/cm.  The  corresponding  power  loss 
at  a  température  of  4400°K  (r  =  1  cm)  is  about  13 
kW/cm. 

The  input  power  per  unit  length  is 
Pi  =  E  Q  V 

With  nummerical  values:  Q  =  10"^  As/cm,  E  =  3  kV/cm 
and  corresponding  v  =  25  x  105  cm/s3  the  input  power 
per  unit  length  is  750  W/cm. 

This  rough  calculation  indicates  that  in  the  consi- 
dered conditions  the  thermal  ionization  as  a  source 
of  électrons  is  ruled  out. 

Let  us  estimate  the  rate  of  rise  of  channel  tempéra- 
ture when  this  température  does  not  differ  conside- 
rably  from  the  température  of  the  surrounding  air. 
Because  under  thèse  conditions  the  loss  by  radia- 
tion and  by  heat  conduction  are  relatively  low,  we 
assume  that  the  whole  input  energy  is  converted  in- 
to  heat  energy  of  the  channel.  If  the  qas  pressure 
in  the  channel  is  unchanged,  we  write 


de 
dt 

and  1  cm  respecti vely.  This  rough  calculation  indi 
cates  that  even  if  the  whole  input  power  would 
cause  the  température  rise,  then  the  température 
of  the  channel  would  be  not  very  much  higher  than 
that  of  the  surrounding  air,  since  the  involved 
time  intervais  are  in  the  range  of  tens  or  at  most 
of  hundreds  of  microseconds. 

This  température  rise  is  sufficient  to  lower  gas 
density  in  the  channel  since  each  new  step  dis- 
charge run  initially  along  the  same  path. 

We  belief  that  in  the  considered  case  the  leader 
conductivity  undergoes  large  fluctuations.  The 
elongation  of  the  leader  occurs  when  this  anduc- 
tivity  is  reduced  durinn  the  step  discharge  mani- 
fested  by  a  reillumination  of  the  channel. 

Concl usion:    Mechanism  of  the  long  spark  in  air  at 

positive  switching  surge  voltage  differs  in  a  inij 

tial  stage  from  that  at  positive  impulse  voltage 
by  deficiency  of  the  thermal  ionization. 
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The  analogy  between  gliding  discharges 
along  insulating  surfaces  and  lightning  or  long  gap 
laboratory  discharges  is  now  well  known.   [l]    .  In 
ail  thèse  cases  propagation  of  the  discharge  re- 
sults  from  the  interaction  of  two  différent  elec- 
trical  phenomena.   A  plasma  channel  of  high  conduc- 
tivity,   the  leader,   reduces  the  potential  drop  bet- 
ween the  originating  électrode  and  the  head  of  the 
discharge.   At  this  point,   the  electric    field  is 
strongly  magnified  and  a  tree-like  system  of  many 
weakly  ionised  filements  (streamers  or  leader  coro- 
nas)   projects  electrical  charges  in    advance  of  the 
head  of  the  leader.   Reciprocally,  this  feeds  elec- 
trical current  in  the  leader,  maintaining  its  ioni- 
zation  and  conductivity .   According  to  the  présent 
évidence,   such  a  System  could  not  be  maintained  in 
a   stationary  fashion  in  space   ;   charges  of  one  sign 
in  front  of  the  discharge  would  have  the  effect  of 
shielding  the  electric  field  at  the  head  of  the  lea- 
der and  would  lead  to  extinction  of  the  discharge. 
The  advance  of  the  discharge  is  produced  therefore 
from  a  sudden  transformation  of  a  portion  of  one  of 
the  filaments  into  a  strongly  ionized  channel.  This 
prolonged  track  of  the  leader  is  accompanied  by  a 
reillumination  which  is  particularly  clear  in  the 
case     of  the  négative  leader  in  normal  air   ( "step 
leader"  of  lightning). 

This  transport  phenomenon  permits  light- 
ning over  distances  of  several  kilometers,  when  the 
différence  of  potential  between  a  storm-cloud  and 
the  ground  is  only  of  the  order  of  50  mega volts . [2J 

In  a  similar  fashion,   the  gliding  dischar- 
ge along  the  surface  of  a  thin  dielectric  disk 
(thickness  of  the  order  of  1    mm)    can  be  propagated 
over  distances  greater  than  one  meter  under  the  ef- 
fect of  impulse  voltages  not  exceeding   100  kV. 

At  the  présent  time ,  models  giving  the 
exact  mechanism  for  the  propagation  of  thèse  types 
of  discharges  appear  to  be  incomplète  and  contradic- 
tory.    In  order  to  better  analyse  thèse  phenomena 
on  simple  and  well-defined  expérimental  bases,  an 
Experiment  on  surface  discharge  has  put  aet  up  re- 
cently  at  ONERA  with  the  collaboration  of  CNRS  ESE. 


Expérimental  setup.  Figure  1    représenta  schematical- 
ly  the  expérimental  configuration  employed.  A  movea- 
ble  metallic  comb,      1,  at  high  voltage,  is  arranged 
opposite  the  dielectric  slab,  2,  at  a  distance  of 
about  20  cm.   On  the  other  face,   parallel  to  the  comb, 
there  is  a  metallic  strip,   3,  of  width  1   cm  and 
length  55  cm.  This  strip  is  in  contact  with  the  die- 
lectric and  is  electrically  connected  to  ground.  A 
floating  électrode,  4,   passes  through  the  dielectric 
near  one  end  of  the  strip   ;   this  électrode  is  cou- 
pied  to  the  strip  via  a  trdggered  spark  gap,   5.  The 
current  in  the  discharge  is  measured  by  a  current 
probe,  6,  with  very  short  rise  time  (10  ns),  which  is 
placed  around  the  return  conductor  between  the  strip 
and  the  triggered  gap.  The  signal  receives  by  this 
probe  is  displayed  on  a  high  speed  storage  oscillos- 
cope  (frequencies   up  to  100  MHz).   A  high  speed  elec- 
tronic  image  converter,   7,    located  in  front  of  the 
experiment,   permits  the  temporal  analysis  of  the 
development  of  the  discharge. 

The  converter  shutter  opening  is  actuated,  with 
an  adjustable  delay,  from  the  same  impulse  which 
triggers  the  spark  gap.  A  time  resolved  spectrosco- 
pic  analysis  of  the  light  emitted  by  the  discharge 
is  in  process  of  préparation  B  .  Also  an  expérimen- 
tal study  of  the  HF  and  UHF  radiation  9  is  included 
for  a  corrélation  with  the  electromagnetic  émissions 
of  lightning. 
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Unipolar  charging  by  coroi 
potential  of  the  dielectr: 
floating  électrode  close  ■ 
The  metalliccomb  is  then 
of  the  dielectric  surface 


Mode  of  opération.    Initially,   the  metallic  comb  , 

1    ,   pointing  towards  the  strip,    3   ,   is  connected 
to  a  high  voltage  V   (adjustable  from  0  to  1  1 60  kV). 

ia  discharges  brings  the 
-c  surface  and  of  the 
,o  the  charging  potential. 
removed  to  permit  viewing 
by  the  image  converter 
and  spectroscope.   As  a  second  step,    triggering  the 
spark  gap  produces  an  almost   instantaneous  grounding 
of  terminal,  4   .   The  tangential  field  which  appears 
on  the  charged  surface  induces  a  strong  electric 
discharge  propagating  the  length  of  the  strip.  ' 
First  expérimental  results.    1)   -  The  discharge  does 
not  exhibit  visible  branching,   and  is  guided  along 
the  strip   ;   this  is  a  very  convenient  property  if 
optical  diagnostics  are  to  be  performed;in  con- 
trast  it  is  impossible  to  predict  the  path  of  three 
dimensional  long  sparks.   2)   -  The  average  current 
during  the  propagating  phase  of  the  discharge  is 
between  30  and  1    ODQ  A    ;   thèse  values  are  doser 
to  the  currents  in  lightning  leaders   (100  to  1 000  A) 
than  to  those  of  laboratory  sparks   (      1  A) 
[4]    .   3)   -  The  mean  velocity  of  propagation  is  of 
the  order  of  0.5  x  10^  m/s,   comparable  to  those  of 
lightning  leaders   ;    the  speeds  of  the  leaders  in 
long  discharges  in  the  laboratory  are  smaller  by  two 
orders  of  magnitude.   4)   -  Figures  2  and  3  represent 
the  streak  caméra  photographs  corresponding  to  né- 
gative and  positive  polarities  of  the  discharge. 
The  appearance  of  steps   (or  progressions)   in  the 
n  the  two  cases,   the  step: 
th  the  négative  polarity. 


Fig.   3    :   Streak  caméra  photograph  of  positi' 
gliding  discharge. 


t(/JS) 


X  (cm  )  ' 


streak  caméra  photograph  of  1 
gliding  discharge. 


Conclus, 


The 


;al 


:cessibility  of  thesB 
■s  markedly  superior  to 
If-propagating  discharges, 
to  the  possibility  of 


gliding  discharges  ap 

that  of  other  types  o 

This  is  due  in  partie 

tilinearly  guiding  th    _  „. 

multaneous  use  of  several  types  of  time-resolved 
diagnostics   (xmage  converter,   spectroscopy ,  current 
measurement,   HP  and  UHF  émission, etc . )   linked  with 
the  excellent  spatial  définition  of  Lichtenberg 
figures     should  lead  to  an  in-depth  understanding 
□f  the  gênerai  mechanisms  linked  to  the  propagation 
of  thèse  discharges,  and  thence,   by  analogy,   to  a 
better  compréhension  of  the  mechanisms  of  atmosphe- 
ric  lightning. 
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The  présent  report  is  about  processes  of 
nitrogen  oxidation  in  smouldering  dischar- 
ge on  the  liquid  ozone  surface  by  the  tem- 
pérature -  196°C.  Results  of  the  experiment 
demonstrate,  that  thin  solid  pellicle  of 
H^O^  is  formed  on  the  liquid  ozone  surface 
Observing  the  yield  of  the  reaction  pro- 
ductes  we  discover  two  stade  of  process: 

1)  .the  immédiate  contact  of  smouldering 
discharge  with  the  liquid  ozone  surface; 

2)  . the  diffusion  of  ozone  through  the  thin 
solid  pellicle  of  N^O,- ,  which  has  been 
formed  on  the  liquia  Ozone  surface  and  co- 
vers  thi»  surface.  We  make  experiment s  in 
the  vacuum  discharge  installation.  The  ini 
tial  ozone  eind  the  reaction  productes  con- 
dense in  the  eatch,  which  is  been  cooled 
down  to  the  liquid  nitrogen  traiperature 
-196°C.  The  construction  of  the  discharge 
installation  allows  to  realize  the  immédi- 
ate contact  of  the  nitric  plasma  with  the 
surface  of  the  liquid  ozone  pellicle. Thèse 
experiraential  investigations  have  been  ma- 
de  for  the  first  time  and  are  interesting 
for  using  of  plasma  to  get  new  oxidizers* 
The  theoretical  explaination  the  processes 
of  formation  the  thin  solid  pellicle  of 
nitric  oxides  by  interaction  of  dissocia- 
ted  nitrogen  with  the  liquid  ozone  pellic-i 
le  has  been  made  by  the  authors.  To  do 
this  we  utilized  the  optimization  method 
been  developed  for  closed  and  open  Systems 
[1-6]  and  proposed  the  physical  model  of 
the  process.  The  thin  solid  pellicle  of 
nitric  oxides  is  considered  as  an  open  li- 
mited  system,  for  which  dissociated  nitro- 
gen and  liquid  ozone  are  environment.  In- 
teraction between  molécules  is  described 
by  Morse  potential  in  the  prllicle  [|  7  "J 
and  by  Lenard-Gones  potentials    8  1  m  gas 
and  liquid  mediuma,  The  gas  atmosphère 
consists  of  atomic  and  molecular  nitrogen 
and  molecular  oxygen  0^,  which  is  educed 
by  the  reaction.  The    interraction  with 
électrons,  ions  can  be  disregarded,  beca— 
use  dergees    of  ionization  are  negligible 
in  conséquence  of  low  température  -196°G 
and  comparatevly  low  pressure  0.4-0,6  tor. 
To  write  the  stoichiometric  équations  of 
the  Chemical  reactions  the  initial  combi- 
nations,  the  intermediate  and  ultimate 
productes  of  the  reactions  are  to  be  con- 
sidered. The  initial  combinations  the  in- 
termediate and  ultimate  productes  of  the 
reactions  are  consist  of  the  next  compo- 
nents:  N,  Ng,  O3,  O2,  NO,  NO2,  NO3,  N2O5, 
We  are  to  discover  such  the  distribution 
of  ail  the  components  which  satisfies  the 
conditions  of  "non-hard  normalizing"  and 
gives  the  minimum  of  the  free  energy  of 
the  thin  solid  pellicle  of  nitric  exides. 


The  conditions  of  "non-hard  normalizing" 
consist  of  the  stoichiometric  équations  of 
the  Chemical  reactions  and  the  condition 
of  balance  of  getting-in  and  getting-out 
nitrogen. 

The  method  of  solution.  To  discover  the 
vector-density  of  particles  we  get  from 
the  equilibrium  conditions  the  dual  inté- 
gral Predholm  équations  of  the  first  kind, 
which  are  to  be  solved  Jointly  with  the 
normalizing  conditions  for  the  ail  three 
médiums.  The  intégral  équations  of  the 
first  kind  take  into  ^ccount  the  interin- 
fluence between  the  thin  solid  pellicle  of 
nitric  oxides  and  its  environment.  To  sol- 
ve  the  équations  we  use  Pourier  convoluti- 
on  has  been  done  we  do  expansion  in  séries 
by  the  Legendre  or  Gegenbayer  polynomials. 
At  resuit  we  get  the  Gilbert  generalized 
problem  [9,10J  for  the  coefficients  of 
the  gotten  séries.  The  vector-dçnsity  of 
particles  in  the  pellicle  of  nitric  oxides 
and  its  environment  is  the  solution  of  the 
problem.  Having  known  the  vector-density 
of  the  particles  we  are  discovering  the 
physics  values  characterizing  the  state 
of  the  solid  thin  pellicle  of  nitric  oxi- 
des, the  gas  and  liquid  médiums. 
The  results. The  experimential  results[ll] 
include  the  dependence  of  yield  N2O5  from 
the  time  of  interaction  of  the  nitric 
plasma  with  the  pellicle  of  liquid  ozone. 
V/e  have  discovered  four  séries-  of  the  de- 
pendence of  yield  N^O^  for  différent  ini- 
tial quantities  of  liquid  ozone  0,  (  Pig. 
1   ).The  analogous  dependences  for  the  re- 
raainder  of  non-reacted  ozone  have  been 
discovered  (  Pig.   2   ).     The  computation 
gives  the  picture  of  the  distribution  of 
the  densities  of  the  components  in  the 
three  médiums:  the  thin  solid  pellicle 
of  nitric  oxides,  the  gas  and  liquid  mé- 
diums. 

The  conclusions.  The  experimential  inve- 
stigations demonstrated,  that  the  reacti- 
on of  oxidation  of  active  nitrogen  inte- 
racting  with  the  pellicle  of  liquid  ozone 
by  the  température  -196°C  and  the  pressu- 
re 0.4-0.6  tor  takes  place.  The  ultimate 
product  of  oxidation  is  NpO^.  Having  been 
proposed  before  by    the  authors   [1-6] the 
statistic  theory  of  limited  clusters  is 
applied  to  describe  the  processes  in  open 
Systems.  The  comparison  the  expérimental 
and  the  theoretic  results  demonstrates 
its  good  co-ordination. 
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ibs  tract 

fe  présent  measurements  concerning  the  négative  io- 
lization  of  a  Hi-ion  beam  with  énergies  between  50 
md  300  eV  impinging  on  a  ThOz -surface .  We  find  ne- 
;ative  ionization  efficiencies  between  2  and  7%. 

Retardation  measurements  show  that  the  négative 
ons  are  reflected  from  the  surface  with  an  energy 
if  about  O.A  times  the  incident  beam  energy.  The  ap- 
learing  energy  spread  suggests  that  the  neutraliza- 
;ion  of  the  incident  H2  -ions  takes  place  via  reso- 
lant  électron  capture  into  a  répulsive  state 
iccuring  before  collision  with  the  surface. 

in  important  method  to  beat  thermonuclear  plasmas 
s  the  injection  of  high  energy  atomic  hydrogen 
leams.  In  the  case  of  beam  énergies  above  200  keV  it 
s  generally  believed  that  atomic  beams  must  be  pro- 
luced  starting  from  négative  ion  sources  [1].  One 
'f  the  two  presently  favoured  lines  of  development 
s  based  on  direct  extraction  of  négative  hyùrogeâ 
ons  from  surface  plasma  sources  (SPS)  .     There  is 
vidence  that  the  alkali  admixture  in  the  discharge 
if  the  SPS  leads  to  a  lowering  of  the  workfunction 
if  the  source  surfaces  and  that  the  négative  ions 
ire  formed  by  ionization  on     the  cathode  surface. 

The  high  conversion  efficiency  predicted  even  for 
ow  incident  énergies  [2]  and  the  measured  efficien- 
ly  values  of  10%  [3]  suggest  however  also  another 
ipplication  of  the  négative  surface  ionization  pro- 
;ess.  A  low  workfunction  surface  may  be  used  as  io- 
lizing  élément  in  an  analyser  for  charge  exchange 
leutrals  emerging  from  a  hydrogen  plasma.  Such  a 
leutral  particle  analyser  should  operate  in  the  low 
:nergy  range  <300  eV  where  the  currently  usedstrip- 
ling  process  becomes  inapplicable.  A  similar  idea 
las  recently  been  proposed  by  others[4]. 

For  both  applications  fundamental  knowledge  of 
;he  négative  surface  ionization  process  is  desira- 
ile.  In  one  process  described  by  the  ionization  mo- 
lel  according  to  Kishinevskii,  reviewed  in  [2],  the 
ncident  particles  are  negatively  ionized  during 
;heir  reflection  from  the  surface.  There  is  eviden- 
;e  [5]  that  also  sputtering  of  hydrogen  particles 
idsorbed  on  the  surface  could  play  a  rôle  in  nega- 
;ive  ion  production.  Crucial  for  a  neutral  particle 
inalyser  is  a  good  knowledge  of  the  energy  distri- 
lution  of  the  secondary  particles.  Since  the  energy 
■eflection  decreases  with  increasing  (normal)  inci- 
tent velocity  [6]  due  to  pénétration  effects  one 
rould  like  to  know  at  which  incidence  angle  an  op- 
limum  of  energy  conservation  and  négative  ion  for- 
lation  can  be  obtained. 

The  présent  measurements  have  been  done  with  ThOz 
is  low  workfunction  surface  material.  It  was  chosen 
tecause  of  its  easy  availability  and  i ts  durability 
igainst  air  exposure. 
Ixperimental 

i  positive  hydrogen  ion  beam,  consisting  of  70%  H2 , 
!0%  H3*  and  10%  H*  ,  with  energy  between  50  and  320 
ïV  and  a  total  current  of  about  5x10"'" A  is  created 


by  a  modified  sputter  ion  gun.  The  undesired  beam 
components  can  be  eliminated  by  means  of  a  Wien  fil- 
ter.  The  interacting  surface  is  formed  by  a  ThOj  - 
Ir  ribbon.  The  surface  température  is  1000  K,  the 
working  (hydrogen)  pressure  2x10"*  Torr.  The  ribbon 
is  mounted  at  the  center  of  a  tumtable  allowing  for 
adjustment  of  the  wanted  incidence  angle  6.  If  the 
surface  is  positioned  to  normal  incidence  the  pri- 

Faraday    cup  which  is  placed  in  front  of  the  ribbon 
on  the  same  turntable.  Coaxially  around  the  turnta- 
ble  différent    cylindrical  shields  can  be  placed 
with  entrance  slits  of  same  dimensions  in  the  prima- 
ry  beam  line  and  exit  slitç  of  various  widths  defi- 
ning  the  détection  angle  width  A  6  around  the  angle 
of  specular  reflection.  The  entrance  slit  is  chosen 
in  such  a  way  that  for  incidence  angles  20°<  9<65° 
the  beam  fraction  passing  the  slit  is  intercepted 
by  the  ribbon  and  for  9=0° is  collected  by  the  Fara- 
day cup.  A  second  cup  with  two  grids  for  positive 
Vj^+  and  négative  Vj^_  bias  placed  behind  the  exit 
slit  allows  détection  and  energy  analysis  of  the  se- 
condary particles. 

With  this  set  up  two  séries  of  measurements  have 
been  done.  The  first  at  6=45°  and  A  9=^90°,  the  se- 
cond at  9=62.5°  and  Ae==6°.  In  the  first  case  the 
undiscriminated  beam  has  been  used  to  measure  the 
total  négative  ionization  efficiency  n-  as  a  func- 
tion  of  incident  beam  voltage  V^,  (Fig.   1).  Since  ri_ 


200  300  [V] 


Fig.  1  -  Négative  ionization  efficiency  vs  incident 
beam  voltage.  Conditions:  9=45°;A9=90°  ;Vj^-=-35V; 
Vj^+=320V;  from  the  low  to  the  high  energy  part  the 
errors  vary  between  55  and  25%. 

is  defined  as  the  ratio  of  secondary  over  primary 
current  the  yield  per  incident  nucléon  would  be 
about  a  factor  of  2  lower.  For  thèse  measurements 
Vj^4.  has  been  applied  directly  to  the  second  Faraday 
cup  and  only  one  negatively  biased  grid  has  been 
used  to  suppress  secondary  électrons.  The  workfun- 
tion  (^1=3. 5  ±  0.5  V  has  been  determined  from  measure- 
ments of  the  thermal  émission current  versus  surface 
température . 

In  the  second  case  information  about  tho  energy 
distribution  of  the  négative  ions  has  been  obtained 
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for        =  200,   300  V  by  applying  a  retarding  voltage 
0>Vj^_>-300  V  to  the  second  grid  in  front  of  the 
secondary  Faraday  cup  (Fig.  2).  The  retardation 
measurements  have  been  done  with  a  H2"  -beam. 


[A]  iH- 


Fig.  2  -  Reflected  négative  ion  current  vs  négative 
retarding  voltage.  Conditions:  □       =  200V; 
o  V^,  =  300  V,  n-  =  0.06%;  9  =  62.5°;  Ae  =  6°;\{^+=Vt,; 
the  arrows  indicate  the  theoretical  cut-off  value. 

Discussion 

From  Fig.   1  we  see  that  in  spite  of  the  relative- 
ly  high  workfunction  a  négative  ion  yield  of  seve- 
ral  per  cents  can  be  reached  with  Th02 .  Thèse 
values  are  only  about  a  factor  of  2  less  than  those 
measured  by  Schneider  et  al.  [3]  with  a  thick  Cs- 
layer  (((>  =  1.9  V)  who  also  find  an  increase  of  ioni- 
zation  efficiency  with  incident  energy  in  the  con- 
sidered  energy  range.  Checks  with  fixed  exit  slit 
and  varied  incidence  angle  indicate  however  that 
the  angular  spread  of  the  secondary  particles  must 
be  large.  This  is  the  main  reason  why  the  efficien- 
cy in  the  case  of  Fig.  2  appears  much  lower  than 
in  Fig.  1. 

Assuming  classical  collisions  between  H2  and  the 
oxygen  atom  of  the  Th02  an  idéal  retardation  curve 
would  have  a  sharp  cut-off  at  Vjj_  =  0.45       .  The 
appréciable  energy  spread  around  this  cut-off  value 
is  not  caused  by  apparatus  effects.  This  has  been 
confirmed  by  measurements  with  directly  reflected 
H2  yielding  a  spread  of  less  than  10%.  It  is  propo- 
sed  that  résonant  neutralization  of  the  H2     into  a 
répulsive  state  leads  to  the  measured  energy  spread. 
In  this  process  the  dissociation  energy  of  the  mo- 
lécule is  spread  over  the  two  H-atoms  before  colli- 
sion with  the  surface.  Reflection  of  the  atoms  from 
an  ideally  flat  surface  predicts  a  width  for  the 
energy  distribution  which  is  in  reasonable  agree- 
ment  with  the  measurements.  The  flat  portion  of  the 
retardation  curves  suggests  that  no  excessive  péné- 
tration of  the  incident  particles  into  the  surface 
occurs  and  that  the  detected  particles  are  négative 
ions  reflected  from  the  surface. 
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INTRODUCTION 

Numerous  data  have  been  published  in  the 
past  pertaining  to  the  érosion  rate  of  various  mét- 
al in  an  arc  and  the  énergies  of  the  érosion  pro- 
1  2 

ducts  '   .     The  size  of  the  arc  footprints  or  the 
motion  of  the  arc  spots  have  been  studied  using 
photographie  techniques,  and  the  size  of  the  cra- 
ters  has  been  used  to  estimate  the  current  par  cra- 
3  4 

ter  and  the  current  density      ;  the  micro-arc  cur- 
rent has  also  been  measured  directly^.  However, 
the  mechanism  of  érosion  is  still  unknown.     In  par- 
ticular  does  the  érosion  resuit  from  a  continuous 
evaporation  during  the  life  of  the  emitting  site  or 
does  it  resuit  from  an  explosion  of  the  site  ? 

We  présent,  here,  simultaneous  measurements 
at  the  cathode  surface,  of  the  fluctuations  of  the 
cathode  current  resulting  from  the  initiation  and 
extinction  of  the  current  from  individual  emitting 
sites  and  of  the  fluctuations  of  the  light  associ- 
ated  with  the  deexcitation  of  the  érosion  products; 
thèse  results  should  contribute  to  a  better  under- 
standing  of  the  emission/erosion  phenomenon  at  the 
cathode. 
EXPERIMENT 

The  expérimental  arrangement  is  shown  on 
Fig.  1.     The  200  A  arc  is  driven,  in  air  at  atmo- 
spheric  pressure,  by  a  transverse  magnetic  field 
between  two  parallel  électrodes.     The  électrodes 
are  separated  by  2  mm;  they  are  made  of  aluminium. 
The  wire  probe,  made  of  copper,  is  embedded  in  the 
cathode.     It  is  0.3  mm  in  diameter.     It  ia  insulat- 


Wire- probe 
(Cu) 


Fig.  1    Expérimental  arrangement. 

ed  from  the  électrode  except  at  its  end  where  it  is 
soldered  to  it  as  shown  on  Fig.  1.     It  is  terminat- 
ed  in  the  form  of  a  loop  so  as  to  inductively  cou- 
ple the  élément  of  arc  current  incident  on  the 
probe  surface  to  a  small  secondary  coil^.  The 
light  emitted  during  the  passage  of  the  arc  at  the 
surface  of  the  probe  and  corresponding  to  neutral 
and  ion  copper  transitions  is  monitored  using  a 
microscope  reflecting  objective  and  a  spectrometer , 

RESULTS  AND  DISCUSSION 

A  typical  resuit  is  reproduced  on  Fig.  2. 
The  probe  signal,  dl/dt,  gives  the  rate  of  change 
of  the  total  current  emitted  by  the  copper  wire 
probe  surface^.  The  PM  signal  corresponds  to  the 
fluctuations,  at  the  copper  wire  probe  surface,  of 
the  light  associated  with  a  transition  of  the  cop- 
per ion,  Cu  I  2193  A. 

As  both  the  anode  and  cathode  rail-electrodes 
are  made  of  aluminium  ail  the  copper  light  émission 
comes  from  the  probe  surface  and  we  may  compare  it 
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wlth  the  dl/dt  signal  from  the  probe.     In  fact  the 
two  signais  are  very  simllar  both  in  duration  and 
structure.     Both  the  increases  and  decreases  in 
the  émission  of  light  are  simultaneous  wlth  those 
of  the  probe  current;  furthermore  the  high  frequen- 
cy  fluctuations  in  the  current  assoclated  with  the 
initiation  and  extinction  of  individual  emitting 
sites  is  also  a  characteristic  of  the  light  émis- 
sion Indicating  that  the  émission  of  light  is  in- 
deed  assoclated  with  individual  sites  on  the  sur- 
face and  not  with  the  bulk  of  the  plasma  above  the 
surface.     Corrélation  of  the  two  signais  using  a 
Biomation  recorder  and  a  PDP  11  computer  has  been 
carried  out.     Preliminary  results  indicate  that 
the  two  signais  are  simultaneous  within  a  us.  Cor- 
relation  with  a  better  tlme  resolution  is  necessary 
in  order  to  détermine  if  the  émission  of  light  is 
assoclated  with  a  continuous  evaporation  of  copper 
during  the  life  of  the  emitting  site  or  results 
from  an  explosion  of  the  site  at  the  time  of  extinc- 
tion of  the  current. 

It  is  also  of  interest  to  note,  on  Fig.  2, 
the  small  current  precursor  labelled  (a),  5  ps  in 
duration,  which  preceedes  the  high  increase  of  arc 
current.     We  propose  that  this  current  may  be  asso- 
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Fig.  2    Time  évolution  of  the  light  emitted  from 

the  copper  probe  surface  (Cu  I,  2193  Â)  and 
of  dl/dt,  the  rate  of  change  of  the  probe 
current. 


ciated  with  the  electrical  polarization    of  the  di- 

electric  oxide  surface  by  ions  from  the  discharge 

as  illustrated  on  Fig.  3.     Such  a  polarization  is 

necessary  to  induce  field  émission  from  the  cathode 
3 

surface  .  In  our  case,  the  total  charge,  Fig.  2, 
would  be  approximately  10  ^  coulomb  for  a  probe 


Arc  motion 
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,  ^Polarization  inwpr 
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Fig.  3    Ion  déposition  on  the  oxide  layer  inducing 
the  current  precursor. 

-3  2 

surface  of  10      cm  .     If  this  interprétation  is 
correct,  then  the  sharp  increase  in  current,  fol- 
lowing  this  5  us  field  build-up  across  the  oxide 
layer,  would  correspond  to  a  breakdown  through  the 
layer  and  the  émission  of  copper  light  would  origi- 
nate  from  the  evaporation  or  explosion  products.  A 
small  émission  of  copper  light  is  also  observed,  on 
Fig.  2,  simultaneously  with  the  current-precursor . 
It  may  be  assoclated  with  the  existence  at  the  cath 
ode  surface  of  a  copper  vapor  layer  which,  accord- 
ing  to  Leycuras^,  would  be  responsible  for  the  high 
current-density  injection  of  électron  in  the  plasma 
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)  RESISTIVE  HEAT  SOURCES  OF  CATHODE  SPOTS  IN  ARC  DISCHARGES 


E.  Hantzsche. 

Zentralinstitut  fih'  Elektronenphysik  der  Adw  der  i 

In  developed  cathode  arc  spots  on  clean 
métal  surfaces   ("type  2"  spots  accorcing 
to  Rakhovsky  /!/)   two  régions  have  to  be 
distinguished:  1)   the  central  part,  the 
"core"  of   the  spot,  with  a  high  energy  in- 
put  that  causes  melting,  evaporation,  cra- 
tering,  TF-electron  émission  and  explosive 
processes,  and  2)   the  surrounding  "halo" 
région  of  interaction  between  the  cathodic 
plasma  and  the  surface  with  a  lower  energy 
input  and  without  essentiel  surface  pro- 
cesses (compare  Daalder  /2/) .  According 
whether  the  halo  is  included  or  not,  the 
calculated  mean  current  densities  of  the 
arc  spot  ig  differ  by  orders  of  magnitude. 
The  main  cause  of  this  bipartition  is  the 
decreasing  density  of  the  expanding  plasma 
outside  of  the  central  crater  région,  and 
the  corresponding  decrease  of  the  ion  cur- 
rent density  i^  impinging  on  the  surface. 
The  ion  current  is  the  main  surface  heat 
source  of  the  quasi-stationary  arc  spot. 
The  total  ion  impact  power  within  the  cra- 
ter area  becoroea 

Pi  -=  ^s^c/^l*  ^' 

Igt  spot  current.  %  '^J^^.  u;,=U^+  E^- 

+  2kTp/e   (U^:  cathode   fall  of  potential, 

£.^:  ionization  poten t ial ,  <f  :  work  func- 

tion.  T  :  plasma  ion  température).  This 
P 

surface  power  input  is  diminished  by  elec- 


)R,  108  Berlin,  DDR,  Mohvenstr.  40/41. 

tron  émission  cooling  because  of  thermo- 
field  émission  and  ion  induced  secondary 
émission  (coefficient  y^) .  that  results 
in  the  power 

=    -l3[(y-'i's)Ûe+  JTstfl/^^  +  J^^ 
The  mean  effective  work  function  and 
the  électron  current  density  ig  are  func- 
tions  of  the  surface  température  T^,  and 
the  surface  field  strength  F^,  both  of 
which  again  dépend  mainly  on  i^. 
Besides  of  this  surface  source  there 
exists  a  volume  heat  source  because  of  the 
Ohmic  (Ooule)  heating  below  the  spot  area. 
From  the  power  density       =  i  V  <b  ^  (i: 
current  density.       t>^n  electric  conduc- 
tivity)  we  get  by  intégration  (applying 
the  known  current  distribution  and  tempe- 
rature  distribution  /3/)   the  total  Ooule 
power  within  the  cathode 

Pj  =  ^s^J^^o""^^  *  (Pi+P3)(l/cosX-l). 
where  T^  is  the  cathode  température  far 
away  from  the  spot.K  the  heat  conducti- 
vity  of  the  cathode,  X  =  l^/Aa)fiCB^,  a 
the  spot  radius.  The  ratio  Pj/CPi+Pg)  dé- 
pends mainly  on  I^/a  and  weakly  on  1^  (or 
ig).  The  percentages  of  both  heat  sources 
in  the  case  of  Cu  cathodes  are  shown  in 
the  figure.  Stationary  solutions  exist  if 
I^/a<(l3/a)^^i,  =  2rr^,^  13.9  A//um 
(Cu). 
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Models  of  stationary  arc  spots  (including 
the  evaporation  flux  density  that  limite 
i.^)  resuit  in  0.1  <  Ig/a£0.5  A/ yum  (Cu 
cathodes,  /A/),  However.  measurements  of 
Ig  and  a  (assuming  crater  radius  »  spot 
radius)  give  2:slg/a<20  A//uin  /5/.  This 
discrepancy  may  be  explained  by  the  as- 
sumptions  that  1)  the  cathode  spot  is  an 
essentiel  non-stationary  phenomenon,  2)  a 
large  part  of  the  current  passes  through 
the  surface  outside  of  the  crater  area. 
A  discussion  of  non-stationary  effects 
shows':  a)  the  spot  motion  results  in  a 
réduction  of  Ooule  heating  (if  Ig/a  ■ 
const) î  b)  each  kind  of  surface  roughness 
increases  Ooule  heating:  c)  in  essentially 
non-stationary  processes  (such  as  explo- 
sions of  protrueions,  compare  /6/) ,  the 
critical  lirait  (Ig/a)gj.j^  may  be  consider- 
ebly  exceeded,  the  température  rises  expo- 
nentially  with  time,  and  even  in  the  tem- 
poral average  the  Ooule  heating  dominâtes. 
The  current  density  and  the  température  in 
the  halo  région  of  the  spot  is  so  low, 
that  résistive  heat  production  is  negli- 
gible.  The  over-all  percentages  of  Ooule 
heating  and  impact  heating  dépend  on  the 
rôle  of  explosive  processes  in  the  spot 
mechanism  and  on  the  rôle  of  the  halo  cur- 
rent relative  to  the  core  (crater)  current 
in  the  arc  spot.  Both  are  still  unsolved 
problème • 
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Percentages  of  surface  heating  (Pj_+Pg) 
and  of  résistive  heating  (P^)  in  a  sta- 
tionary cathode  arc  spot,  current 
Ig  =  50  A,  as  a  function  of  Ig/a,  plane 
Cu  cathode. 
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^JERGY  SPREAD  OF  CLUSTER  IONS  FROM  A  MOLTEN  METAL 


A.  J.  Dixon  and  A.  von  Engel. 

Engineering  Soienoe  Dept.,  Oxford  University. 
In  a  récent  paper  (Dixon  1979)  a  mechanism  was 
jroposed  by  which  the  ions  drawn  from  their  molten 
netal  by  a  strong  electric  field  might  have  a  wide 
îpread  in  energy.     It  was  concluded  that  the  pré- 
sence of  a  dense  cloud  of  métal  vapeur  close  to 
the  région  from  which  the  ions  are  emitted  would 
broaden  the  energy  spread  by  résonant  charge  ex- 
change.    Moreover,  it  was  shown  that  this  process 
will  have  a  far  greater  effect  on  the  energy  spread 
of  singly  charged  than  of  doubly  charged  ions 
because  the  cross  section  for  charge  exchange  bet- 
ween  a  doubly  charged  ion  and  a  neutral  atom  is 
relatively  small. 

Expérimental  évidence  for  this  hypothesis  was 
provided  by  the  work  of  Sudraud  et  al.    (1979)  on 
the  energy  spread  of  gold  ions  emitted  from  a 
needle  of  'v  lOp  tip  radius  wetted  with  molten  gold 
by  capillary  flow.     They  observed  that  the  ions  Au 
had  a  half  width  (F.W.H.M.)  in  energy  of  65  eV 
(instrumental  width  unknown)  and  a  very  long  tail 
of  slower  ions  extending  to  several  hundred  eV 
below  the  applied  voltage  of  8  kV.     The  ions  Au"^* , 
on  the  other  hand,  had  a  half  width  in  energy  of 
45  eV  and  no  tail  of  slow  ions. 

Sudraud  et  al.  also  measured  the  energy  spread 
of  the  dus  ter  ions  Au2,  Au^,  Au^,  Au^,  Au^  .  They 
observed  a  second  peak  in  the  energy  spectrum  of 
singly  charged  clusters  at  ^^^20067  below  the  first 
peak.     It  became  more  prominent  (compared  with  the 
first  peak)  as  the  size  of  the  clusters  increased. 
The  energy  spread  of  the  ions  Au^  ,  however ,  dis- 
played  no  second  peak.     This  simple  fact  is  analo- 
gous  to  the  observations  for  Au^*  (where  2  électrons 


have  to  be  exchanged)  and  suggests  that  the  energy 
broadening  of  the  clusters  too  was  primarily  caused 
by  charge  exchange.     However,  in  this  case  the  pro- 

Au|^(fast)  +  Au^(slow)      Au^(fast)  +  Au^(slow) 
has  a  low  probability  because  the  number  of  neutral 
clusters  in  the  vapour  is  too  low.  Furthermore, 
such  charge  exchange  would  give  a  single  peak  with 
a  long  tail  rather  than  2  eeoarate  peaks  as  obser- 
ved.    Another  energy-broadening  reaction  is 


•  Au 


Au 


but  it  can  be  rul 
relative  velocities  to  bi 
Of  the  many  processes 


because  it  requires  thermal 


Au 


Au 


-  Au  +  Au 


Though  non-resonant ,  because  Au  has  a  higher  ioni- 
zation  potential  than  Au  ,  it  may  have  a  large 
enough  cross  section  if  Au^  is  excited. 

The  surprising  observation  is  that  there  are  2 
peaks  whose  relative  size  varies  greatly  with  n. 
This  can  be  understood  by  assuming  the  présence  of 
two  independent  sources  of  Au^:  one  is  the  melt, 
the  other  the  vapour.     The  melt  may  be  associated 
with  the  first  peak.     The  process  in  the  vaoour  is 
thought  to  represent  the  second  peak.     That  the 
ions  from  the  vapour  have  a  peak  at  ail  we  tenta- 
tively  explain  as  being  caused  by  the  strong  elec- 
tric field  (up  to  10^  V/m)  which  can  broaden  the 
energy  levels  so  that  the  cross  section  of  the 
reaction  favoured  above  increases  if  only  in  a  nar- 
row  région  of  the  vapour. 

A.  J.  Dixon,    1979,  J.Phys.D.:   to  be  published. 
P.  Sudraud,  C.   Colliex,  J.  van  de  Walle, 
J. Physique  Letts.    1979,  submitted. 
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EFFECTS  OF  NEGATIVE  AIR  CORONAS  ON  PLANE  ANODE  FOLS 


A.  Goldman  and  R.S.  Sigmond  . 

Ecole  Supérieure  d' Eleotricitê,  Laboratoire  de  . 
F.  91190  Gif-sur-Yvette. 

Noruegian  Inst.  of  Technology,  Electron  and  Ton 
Abstract    Low  energy  humid  air  ions  drifting  to 
m  aluminum  foil  will  rapidly  etah  oylindrioal 
holes  with  diameters  in  the  10\im  région.  A  first 
iystematia  investigation  into  this  phenomenon  is 
r>eported  upon  here. 

Introduction     VJe  here  report  the  first 
results  from  a  joint  investigation  into  the 
processes  occuring  at  the  large  électrode 
in  unipolar  corona  discharges.   The  spécifie 
-ase  considered  in  this  paper,   négative  low 
::urrent  point-to-plane  coronas  in  atmosphe- 
ric  density  air  with  Al  or  Au  foil  anodes, 
was  chosen  because: 

Experinents    (LPD)    indicated  that  the  an- 
ode may  play  an  important  rôle  in  cata- 
lysing  gas  reactions  in  coronas. 
-     Preliminary  studies  at  LPD  and  ELION 
showed  that  Al  foil  anodes  of  the  same 
stock  were  perforated  by  négative  coro- 
nas in  Paris,  but  not  in  Trondheim. 
Of  necessity  much  work  has  gone  into  sor- 
ting  out  the  parameters  of  importance  to 
the  hole  formation.   In  this  report  we  try 
to  présent  a  reasonably  cohérent  picture  of 
our  conclusions  and  their  expérimental 
backing. 

Properties  of  a  "standard"  corona  The 
following  corona  was  specified  as  our  com- 
mon  starting  point  for  systematic  parameter 
variations  : 

Gas :      1   atm   lab.    air  flou, ^60%  rel.hum. 

Point:    Paraboloid  or  hyperboloid,  with 
7  è\im  tip  radius. 

Plane:   Al  foil  of  16\im  thiakness 

Distance  point-plane :    10  mm 

Current:    S0]iA  ave.,neg.    point,    7-9kV  DC 

Discharge  duration :    16  h 
Except  where  otherwise  stated,   this  set  of 
parameters  pertains  to  ail  coronas  discus- 
sed  in  the  présent  paper. 

This  corona  will  burn  in  the  Trichel 
puise  régime  with  a  2-3  ps  puise  répétition 


Physique  des  décharges  ("LPD")  du  C.N.R.S. 
Physic^,  Research  Group  ("Elion")  N-70Z4  Trondheim-NTH . 
period.  As  seen  side-on,  using  photon  coun- 
ting  or  sanpling     ,   photons  come  from  the 
cathode  région  in   (Trichel)   puises  of  30- 
40  ns  duration.  They  ail  belong  to  the  2nd 
pos.   band  of  with  some  contribution 

from  the  Ist  neg .  band.  No  photons  from  the 
drift  or  anode  régions  could  be  found.  This 
ail  conforms  completely  with  earlier  obser- 
vations by  many  authors  [1]. 

The  Al  anode  foil  will  within  minutes  be 
covered  by  a  growing  layer  of  glassy  coat- 
ing,  which  eventually  cracks, and  whitish 
crystals.  within  some  hours,  holes  of  some 
pm  diameter  pierce  throucjh  the  foil,  con- 
centrated  in  a   (sometimes  ring-shaped) 
région  of  l-2mm  radius  around  the  corona 
axis,   see  Figs.la  -  b  .   The  holes  usually 
are  cylindrical  with  90°edges  in  an  other- 
wise flat,  unetched  foil  surface.  They  seem 
to  grow  in  numbers  but  not  in  diameter  dur- 
ing  the  discharge.  A  glassy  or  scaly  depo- 
sit  then  forms  on  the  foil  backside,  cove- 
rina  somewhat  more  than  the  perforated  area. 
"Worms"  of  a  loose,  white  material  seem  to 
crawl  out  of  the  holes,  mostly  on  the  front 
side,  but  also  on  the  back  side  of  the  foil. 

The  hole  formation  is  not  accompanied  by 
any  noticeable  change  in  the  electrical 
characteristics  of  the  corona.   However,  a 
faint  émission  puise  of  photons  belonging 
to  the  2nd  pos.  band  of  N2  is     seen  coming 
from  the  backside  of  the  foil.  As  shown  in 
Fig.2,   thèse  light  puises  occur  150-250  ns 
after  the  photon  puise  from  the  cathode-. 
They  come  earlier  and  increase  in  amplitude 
when  the  corona  voltage  and  current  are  in- 
creased,   consistent  with  the  excitation  to 
be  expected  from  a  puise  of  cathode  élec- 
trons which  have  traversed  the  gap  without 
attachement  in  a  space  charge  intensified 
field  that  increases  with  the  current. 
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It  is  important  to  note  that  no  such  de- 
layed  photon  puises  are  found  looking  side- 
on  at  the  gap  and  anode  foil  front. 
V/hen,  however,  a  grid  of  .02-.linin  dia.  wires 
was  placed  in  the  anode  position,  a  spectra- 
ly  similar  delayed  photon  puise  radiated 
from  the  grid,   see  Fig.2a. 

Storage  of  a  foil  for  months  in  labora- 
tory  air  will  not  destroy  the  delayed  photon 
puise  émission,  but  soaking  in  water  does . 
Likewise,  no  delayed  radiation  is  seen  from 
new  Al  foils  perforated  with  a  thin  needle. 

We  have  never  detected  any  sparks  on  the 
foil  surfaces  or  from  the  holes.  Sparks 
would  have  told  about  infrequent,  energetic 
breakdowns  of  insulating  surface  layers  due 
to  accumulating  charges;   a  possible  hole 
formation  mechanism. 

Studies  of  the  anode  foil  surface. 
Effects  of  parameter  variations. 
Corona  polarity :   No  holes  are  formed  in 
positive  coronas    (20-40mA  current) . 


Foil  material :   No  holes  in  Au  foils. 

Air  humidity :  No  holes  or  pittings,  no  sca- 

ly  or  crystalline  deposits  in  P20^-dried 

air  flows.  Auger  microprobe  analysis  shows 
also 

surface  layer  of  cathode  material  and;,indi- 
cates  hl^O^.   Holes  and  deposits  form  in  the 
relative  humidity  range  30-100%,  possibly 
with  a  maximum  rate  around  50%.(This  ex- 
plains  why  ELION  at  first  found  no  holes: 
Trondheim  air  may  be  very  dry  in  winterl). 
The  deposits  consist  mainly  of  Al^O^  (Auger 
and  microprobe  X-ray,   both  sides  of  foil), 
but  Debye-Scherrer  photographs  show  no  clear 
Al^O^  pattern. 

Charged  partiale  contents  of  electric  wind: 
When  a  grid  prevents  ail  négative  particles 
in  reaching  the  foil,  no  holes  are  formed. 
The  foil  collects  glassy  scale  and  a  white 
powder  giving  a  NH^NO^  Debye-Scherrer  dif- 
fraction pattern. 

Disoharge  ourrent  and  duration  :  '\-proporti- 
onal  influence  on  hole  number,   some  on  the 
perforated  area,   and  "v-none  on  hole  size. 
Point  radius    (<10-160vm) ,   gap  width  (7-lOmm) 
foil  thickness   (10-18\im):   Slight  influence. 

The  hole  production  mechanism     It  is  well 
known  from  semiconductor  technology  that 
surface  oxidation  proceeds  some  hundred  ti- 
mes  f aster  with  than  with  0^ .   In  our 


négative  coronas  in  dry  air  the  négative 
ions  probably  are  neutralized  by  tunnellini 
through  the  thin  Al^O:^  layer  without  expo- 
sing  the  métal  to  further  oxidation,  Humid 
air  ions  make  such  a  thick  oxide  layer  tha 
neutralization  takes  place  in  a  few  weak 
spots.   Here  oxidation  is  so  rapid  that  the 
oxide  is  formed  as  a  loose  mass  of  little 
protective  ability.  The  delayed  photon  pul 
from  the  back  of  the  foil  shows  that  an 
ectric  field  exists  in  or  behind  the  holes 
confirming  that  both  the  front  surface  and 
the  hole  walls  must  be  insulating.   Thus  th 
négative  ions  must  be  sucked  to  the  bottom 
of  the  holes  until  pénétration,  when  a  new 
weak  spot  in  the  front  oxide  will  take  ove 

Références  [1]  M.  and  A.  Goldman  "Corona  Dis- 
charges" Chapt.4  in  Hirsh  and  Oskam  (eds ) "Gaseous 
Electronics"    \Jol.    l,     Acad.  VfiUi,  197S. 

R.S.Sigmond  "Corona  Disoharges"  Chapt.4  in  Meek 
and  Craggs  (eds)  "Eleotrical  Breakdown  of  Gases" 
Wiley  1978 


I=50\sA  for  4h,  15\m  Al  foil,  d- 


point  10\sm  rad. 


3  0-5mm  20^l(v 

Figure  1    Al  foil  surface  with  holes 


a)  Light  from  grid  8rm  from  cathode, 
U  ^  8,5  kV    I  =  60\iA 

Light  through  and  from  corona  made 
holes  in  the  Al  foil,  d  -  9mm: 

b)  U  =  8,4  kV    I  =  40\iA 

c)  7,8  kV  20\iA 

d)  7,1  kV  ^l\iA 

e)  Light  through  needle-made  holes 
 0  Al  foil,  I  =  50\iA 


300  400  ns 

Figure  2    Light  puises  fran  négative  coronas  in  air 


VRNAL  DE  PHYSIQUE  Colloque  C7,  supplément  au  n°7.  Tome  40,  Juillet  1979,  page  C7-  445 


IMPORAL  INCREASE  OF  lONIZATION  CURRENT  IN  N2  GAS 

Haruo  Itoh  and  Nobuaki  Ikuta. 

Chiba  Institute  of  Technology,  Tokushima  University. 
Introduction 

A  consistent  increase  of       component  of  ionization 
urrent  in  N2  for  several  ten  minutes  was  observed. 
he  after  effect  of  ionization  current  flow  in  the 
as  doesn't  disappear  for  a  long  time  more  than 
everal  hours.  The  current  increasing  rate  dépends 
n  the  electric  field  intensity,  injecting  electric 
ower  into  the  gap  space,  the  product  of  pressure 
nd  gap  length  p-d  and  the  wall-gas  températures. 
In  our  measurement,  N2  gas  is  quite  vivid  and  has 

long  life  of  activity.  The  phenomena  of  current 
ncrease  are  considered  to  be  caused  by  the  long 
ived  excited  molécules  that  acts  directly  and  indi- 
ectly  for  the  secondary  électron  émission  from  the 
athode.  Current  increase  was  also  observed  in  other 
:ases  such  as  H2  and  Ar. 

Expérimentais 

For  the  measurement  of  current,  a  couple  of  gold 
ilated  électrodes  of  10  cm  in  diameter,  an  artifi- 
ial  wall  of  16  cm  in  diameter  and  12  cm  in  hight 
'ère  set  in  a  stainless  steel  tank  of  30  cm  in  dia- 
leter  and  50  cm  in  length.  For  the  initial  électron 
imission,  a  hydrogen  discharge  lamp  was  used  with 
.  qualtz  window.  A  high  vacuum  system  and  high  grade 
I2  gas  of  five  nine  were  used  to  prevent  erronious 
•esults. 

Results 

Measurement  of  transient  current :  Transient  current 
Lt  the  "on"  or  "off"  of  UV  irradiation  clarifies  the 
)ehavior  of  secondary  électron  émission  by  meta- 
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I  ' 
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\^  im  (ti 
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table  molécules*'"'  The  wave  shapes  of  current  at 
UV  off  are  as  Fig.l.   Instantanious  decrease  Ip  is 
Multiplied  current  of  Photo-emitted  électrons  by  UV. 
Almost  exponential  part  shows  the       component  by 
metastable  molécules.  The  time  constant  of  which 
doesn't  take  a  fixed  value  corresponding  to  gas  pre- 
ssure and  électrode  séparation  but  varies  depending 
on  the  degree  of  électron  multiplication  and  it's 
career  in  the  gas.  The  amount  of  iTm  component  1^  is 
a  good  measure  of  régénération  characteristics .  The 
increase  of  current  is  almost  due  to  the  increase  of 
1^1  component. 

Self-sustaining  of  current:     When  the  increasing 
current  cornes  near  self-sustaining  condition,  ano- 
ther  residual  component  of  very  long  decay  time  ap- 
pears  after  i„,  fades  out.  The  decay  is  rather  linear 
and  the  rate  is  dépendent  on  the  ionization,  acti- 
vation  and  their  career  in  the  gas.  Self-sustaining 
of  ionization  current  can  occur  only  by  this  long 
decay  component  Ig  that  grows  following  the  build  up 
of  I^.  The  decay  time  Ts  graduai ly  becomes  longer, 
and  finally,  self-sustaining  state  is  achieved  with 
infinité  Ts-  After  reaching  to  self-sustaining  state, 
the  current  increases  further  and  tends  to  saturate 
above  2X10"^A  as  Fig.2. 

Effect  of  wall  and  gas  température:     When  an  arti- 
ficial  wall  is  put  surrounding  the  elctrodes,  cur- 
rent increases  in  suppressed  mode  as  shown  in  Fig.3, 
N2,  Po=0.5  Torr,  E/po=660  V/cm-Torr 


time  (min) 
Fig.2    Wall  température  dependencc  of 
ionization  current  increase 
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and  reaches  to  the  self-sustaining  state  only  at 
higher  level  of  current.  This  may  be  caused  by  the 
efficient  deactivation  of  metastable  molécules  at 
wall  surface.  Depending  on  the  wall  température, 
current  increasing  behavior  varies  as  Fig.2,  which 
shows  that  the  deactivation  of  metastable  molécules 
is  strongly  suffered  from  wall  température,  though 
convection  flow  of  gas  also  aid  the  loss  of  meta- 
stables  from  discharge  région.  If  wall  température 
is  changed  periodical ly ,  increasing  current  also 
varies  in  the  same  phase  of  wall  température  as 
shown  in  Fig.4.  Even  in  the  case  that  wall  and  gas 
températures  are  the  same,  current  increases  faster 
in  higher  température  condition. 

Différence  of  voltage-current  characteristics : 
As  the  results  of  ionizing  current  flow  in  N2  gas 
for  long  hours,  voltage-current  characteristics 
changes  seriously  as  Fig.5.  The  change  in  characte- 
ristics appears  consistently  with  a  long  lifetirae 
depending  on  the  surrounding  conditions. 

Discussion 

The  most  important  évidence  in  thèse  experiments  is 
that  the  career  of  ionization  and  activation  of  the 
gas  can't  be  extinguished  for  several  or  several  ten 
hours.  Once  ionizing  current  increases  for  a  long 
time  in  N2  gas,  even  after  a  pause  of  voltage  appli- 
cation for  some  duration,  almost  instant  recovery  of 
ionization  current  to  the  same  level  as  before  is 
achieved.  Contrary  to  it,  if  the  gas  is  exchanged, 
the  current  starts  from  the  initial  low  level.  This 
fact  shows  that  the  activated  gas  has  some  différent 
internai  conditions  from  virgin  gas. 
The  dominant  metastable  species  that  give  !„,  compo- 
nent  of  time  constant  within  several  ten  [ms]  are 
considered  to  be  A^Zy  state  of  N2 
0.5  Torr 


as  calculated  by  Molnarî''  Many  researchers  has  given 
the  lifetimes  and  collisional  deactivation  rate  con- 
stant for  this  state  of  Ng?^** -"using  thèse  data  and 
supposing  proper  deactivation  rate  at  the  électrode 
surface,  reasonable  analysis  can  be  obtained  for  the. 
trangent  characteristics  having  various  time  constant 
The  long  after-effect  of  activated  N2  gas  is  considered 
to  be  based  on  the  vibrationally  excited  molécules, 
the  radiative  lifetime  of  which  is  almost  infinité. 
That  is,  the  collisional  deactivation  rate  dépends 
on  the  population  of  vibrationally  excited  molécules 
through  mutual  energy  transfer^^ln  low  gas  density 
as  this  case,  diffusion  may  be  dominant  loss  process, 
where  the  deactivation  at  wall  surface  can  give  a 
considérable  influence  on  the  population.  Consequ- 
ently,  temporal  increase  of  current  dépends  on  the 
population  distribution  of  excited  species  within 
the  tank,  and  is  suffered  from  circumstances .  Is 
component  can  be  understood  as  the  régénération 
behavior  of  metastable  species  based  on  the  vibra- 
tionally excited  population  in  N2,  but  it  is  imposi- 
ble  for  Ar.  Further  expérimental  research  is  needed 
to  confirm  thèse  mechanisms  with  refering  the  colli- 
sion data. 
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Fig.4  Wall  température 
dependence 
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Electric  Field    E/po  (V/cm-Torr) 
Fig.5    Field-current  characteristics  of 
activated  and  virgin  gases 
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Charge  collectors  or  "probes"  were  first  cor- 
rectly  used  by  Langmuir^in  his  studies  of  steady 
arc  discharges.  Later  Bohm^  extended  their  use  to 
arcs  in  the  présence  of  high  magnetic  fields.  Probe 
théories  even  today,  are  quasi-steady-state  théor- 
ies. Behavior  of  charge  collectors  far  from  equi- 
librium  are  of  extrême  interest  in  research  fields 
in  which  short  puises  of  current  are  collected. 

In  this  note  the  ablation  mechanism  of  solid 
hydrogen  in  contact  with  magnetized  plasmas  is  dis- 
cussed  in  terms  of  a  transient  process  proper  to 
charge  collectors  approaching  an  equilibrium. 

The  semiempirical  approach  proposed  suggests  a 
"novel"  plasma-solid  boundary  condition,  whose  con- 
séquences are  also  found  to  be  in  excellent  agree- 
ment  with  ail  experiments  available  to  date  for  a 
variety  of  plasma  conditions. 

Since  solid  hydrogen  has  a  very  low  binding 
energy,  say  W=0.01  eV,  usually  much  less  than  the 
électron  température,  KT^,  we  can  safely  assume 
that  the  ablation  mechanism  is  driven  by  the  charge 
and  beat  carried  only  by  the  électrons.     The  abla- 
tion front  speed  U,  relative  to  the  solid,  just  ex- 
presses the  "close  link"  between  momentum  and 
energy  transfers.     The  latter  détermines  the  range 
6  of  the  plasma  électrons  in  the  solid;  the  former, 
the  relaxation  time  t*  for  the  transition  between 
the  initial  (solid)-  and  final  (fluid-like)  states 
of  the  hydrogen.     The  ablation  front  motion  will 
be  regarded  here  as  a  wave-type  motion.     It  will 
be  described  precisely  as  the  motion  of  that  frame 


of  référence  which  carries  along  the  oscillating 
Maxwell's  Displacement  field  associated  with  abla- 
ting  dielectric. 

Taking  6  to  be  equal  to  one  mean  free  path  of 
the  plasma  électrons  of  average  energy  in  a  super- 
dense gas  of  number  density  n^,  we  have 

^  =  ^  =  ^Vint^"' 

where  a.      is  the  interception  cross  section.^ 
mt 

The  relaxation  time  t*  is  here  assumed  to  be 
the  time  the  displacement  D  takes  to  build  up  and 
collapse.     If  the  electron-self-collision  time  t^^, 
such  that  t^g  «  t*  «  t^g^  (the  electron-ion  re- 
combination  time),  then  t*  will  in  fact  be  exactly 
the  period  for  the  heat-cycle  of  the  électrons  which 
have  enough  energy  to  reach  the  solid.     Since  a 
collapsing  time  is  expected  to  be  much  smaller  than 
the  charging  time  t,  we  just  have  t*=  T.    We  can 
easily  obtain  x  by  integrating  the  following  set  of 
standard  équations  at  any  point  x,  with  respect  to 
time  t.     In  one  dimension  the  équations  read 

which  give 

D(t)  =  D  [l-exp(-t/T)];       5  t  ^^l        T  =  e/4TTa 
'*^|t=0 

where  J  is  the  current  density,  p  the  charge  density, 
a  the  electric  conductivity ,  c  the  dielectric  con- 
stant.    By  identifying  the  initial  value  of  the 
displacement  current  .1^(0)  with  plasma-electron- 
random  current       =  j  e^c^  (at  t=0  there  is  no 
sheath) ,  then  we  have 

T  =  D„/4iTj^(0)  =  Dj-nenc^  (2) 
While  J,(0)  does  not  change  when  B^O,  the 
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ultimate  value  of  D  does  change,  because  a  solid 
can  never  be  in  equilibrium  with  a  plasma.     For  a 
steady  sheath  to  exist,  the  ion  flow  requires  a 
"tail"  in  the  électron  velocity  distribution  and 
therefore  a  continuous  flow  exists  across  the  sheath 
The  self-consistent  displacement  field  can  be  ob- 
tained  from  an  équation  for  dynamic  equilibrium,  in 
which  the  Hall 's  electric  field  has  to  be  taken  into 
account,  that  is 

-Deo/e  +  +  vB/c  =  u/M  =  0  .  (3) 

Where  E^^=  kT^/eA^,        being  the  Debye  length  and  u 
and  V  two  mutually  perpendicular  drifts  across  B. 
We  might  content  ourselves  with  assuming  that  the 
displacement  will  collapse  when 
Dco=^(B-E^h^  =eB     (if  E^^«  B)  (4) 
and  see  whether  the  above  assumption  is  able  to 
pass  some  (indirect)  expérimental  test.  Deviding 
(1)  by  (2)  we  obtain  an  expression  for  the  ablation 
speed  U,  suitable  for  comparison  with  experi- 
ments,"*'^'^'^  as  shown  in  Fig.  1,  that  is 
n  U  TTe/a. 


Vie  now  try  to  test  (4)  more  directly.     For  instance, 
solid  hydrogen  pellets  have  been  observed  to  devi- 
ate  from  the  straight  path,  when  injected  into 
RisjïS's  Puffatron.    The  latter  produces  a  rotating 
plasma  because  it  has  strong  external  field.  The 
measured''  average  déviation  is  0.2  cm.     By  simply 
using  (4)  to  estimate  the  net  charge  on  the  pellet 
and  the  équation  of  motion  for  projectiles  we  get 
0.23  cm. 

We  can  verify  that  the  dense  ablation  cloud 
is  not  so  dense  as  to  have  a  negligible  Hall 's 
current  in  the  sheath,  by  estimating  its  density. 
By  invoking  mass  conservation  across  the  disassem- 
bling  surface  layer  of  thickness  6,  that  is: 
n^U=nj^V;  where  n^^  and  V  are  the  number  density  and 
the  average  speed  of  hydrogen  molécules  respec- 


tively.  upon  leaving  the  solid.  If  we  now  use  the 
expérimental  values  for  U  and  V  we  get  nj^;^10^^cm"-^ 
to  which  correspond  Vcoll^  "o^^.  incident- 

ally,  that  by  introducing  (4)  into  the  energy  bal- 
■    ance  we  obtain  V  in  excellent  agreement  with  experi- 
ment.        in  order  to  convince  ourselves  that  (4)  is 
independent  of  a  chosen  syiranetry,  we  notice  (3)  can 
be  recovered  from  (D^/e+E^j^)  sin  +vB/c=u/m;  v/c  = 
uBsin9/c,  for  any  9,  the  angle  between  B  and  J 

r  ■ 

(Gaussian  units  have  been  used  throughout.) 
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1.  INTRODUCTION 

In  récent  years  the  plasma  bas  growlng 
Importance  for  the  thin  solid  atirface  film 
création.  Particularly,  the  silicon  oxid- 
ation  in  an  oxygen  plasma  can  be  in  cont- 
rast  to  usxxal  thermal  methods  favovirably 
carried  out  at  low  températures.  However, 
the  basic  ozidation  parameters  dépend  on 
plasma  characteristics  and  therefore  on 
the  plasma  génération  System. 

In  oiir  previous  work  [1] ,  the  new 
oxidation  method  using  a  microwave  magne- 
toactive  oxygen  plasma  has  been  described, 
Detailed  expérimental  study  of  formation 
of  oxide  films  on  silicon  showed  that  [2] 
(i)  the  oxide  growth  rate  dépends  linearly 

on  the  plasma  électron  density, 
(li)oxide  films  are  created  only  in  the 

plasma  in  which  the  floating  potential 

(measured  with  respect  to  the  ground) 

is        ^    -  10  V. 
Thé  main  aim  of  the  présent  work  Is  to 
describe  density  and  potential  radial 
profiles  for  two  expérimental  arrange- 
ments differing  in  a  way  and  direction  of 
the  microwave  energy  introduction  into  a 
dis charge  tube. 

2.  > EXPERIMENTAL  ARRANGEMENT  AND  RESULTS 

The  oxygen  plasma  was  produced  in  the 
quartz  tube  (i.d.  75  mm)  and  the  direction 


of  the  static  magnetic  field       was  paral- 
lel  to  the  axis  of  the  dis charge  tube. 
The  plasma  was  generated  either  in  the 
circular  waveguide  (the  microwave  energy 
is  fed  into  the  discharge  tube  along  the 
direction  of  the  B^)  or  by  a  hélix  slow 
down  structaire  placed  coaxially  outside 
the  discharge  tube  (the  energy  is  fed 
radially,  i.e.  perpendicularly  to  the  B^, 
or  quasiradlally).  Plasma  oould  be  also 
produced  by  the  waveguide  and  the  slow 
down  structure  operating  simultané eus ly, 

Intensity  of  the  static  magnetic 
field  was  adjustable  between  an  électron 
cyclotron  résonance  (co^^/oo  =  i)  and  its 
second  harmonie  (OJ^q/LO  »  2).  Expérimenta 
were  carried  out  in  oxygen  at  pressures 
of  the  order  of  10~^Torr  and  the  incident 
microwave  power  was  of  the  order  of  1  kW 
(f=2,35  GHz).  The  device  operated  in  a 
puise  mode  with  répétition  frequency  50 
Hz.  The  average  plasma  électron  density 
was  measvired  by  an  8  mm  inerferometer, 
radial  profiles  of  the  saturated  ion  cur- 
rent  i^,  floating  plasma  potential  and 
axial  oomponent  E^  of  the  incident  wave 
electric  field  by  movable  probe.  Typioal 
résulta  of  our  meas\iremants  are  giren 
in  Pig.l»  for  the  waveguide  and  the  slow 
down  structure. 
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3.  DISCUSSION 

Prom  Pig.l  it  is  clearly  seen  that: 
(1)  Radial  profiles  N(r)  almost  constant 
in  a  wide  vicinity  of  the  axis  can  be 
achieved,  ll(r)  of  a  plasma  produced  by 
waveguide  bas  maximum  on  the  axis,  by  the 
structure  it  bas  minimum.  In  the  second 
case  the  absolute  value  of  the  density  is 
lower.  (N(r)  produced  by  waveguide  and 
structure  is  a  siun  of  respective  profiles), 

(ii)  While  the  radial  profile  of  floating 
potential  of  plasma  produced  by  waveguide 
bas  smooth  minimum  on  the  axis»  it  bas 
maximum  (close  to  zéro)  on  the  axis  for 
the  structure  génération,  It  is  worth- 
while  to  note  that  absolute  values  of 
can  be  changed  by  the  plasma  density  and 
for  densities  greater  than  5,10-^^cm"'' 

in  the  plasma  produced  by  the  waveguide 
increases  to  zéro,  Moreover,  régions  of 
négative  potential  practically  show  the 
radial  distributions  of  energetic  élec- 
trons. Thèse  can  be  expected  arotmd  axis 
in  waveguide  plasma  and  on  the  periphery 
of  the  discharge  tube  in  structure  plasma, 

(iii)  Radial  profiles  of       fully  corres- 
pond to  the  distribution  of  TE^^  in  the 
waveguide  and  radial  feeding  in  the 
structure  experiment. 

Electron  températures  measured  by  a 
Langmuir  probe  on  the  axis  of  the  dis- 
charge tube  were  6  eV,  13  eV  and  19  eV 
for  structure,  waveguide  and  both  sotirces 
respectively. 

Properties  of  the  oxide  films  on  Si 
created  in  this  expérimental  arrangement 
are  consistent  with  radial  profiles  of 


N(r)  and  U^(r),  It  was  found  that;  \ 

(i)  Homogeneity  of  thickness  of  oxide 
films  is  better  in  the  plasma  produced  byj 
the  waveguide.  Homogeneity  better  than  109< 
on  areas  of  approximately  12  cm^  can  be  ' 
achieved.  j 

(ii)  In  régions  of  strong  négative  poten- . 
tial  the  growth  rate  of  films  decreases.  , 

(iii)  la  the  plasma  generated  by  the 
structure  with  power  above  1,5  kW  edges  oi 
circular  silioon  samples  can  be  strongly 

î 

heated  by  fast  électrons.  ;^ 

Our  expérimente  demonstrated  that  the  S 
careful  design  of  the  microwave  plasma  }^ 
reactor  is  very  important  for  succesful 
formation  of  the  oxide  films,  ' 

Références  :  ! 
[1]  L.Bardos  et  al, , J.Phys, ,D8, (1975) ,L195 
[2]  J.Musil  et  al. ,accepted  in  J.Phys. D, 
(1979). 
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^  INVESTIGATION  OF  ARC  STARTING  ON  COLD  CATHODES 


Harald  L.Witting. 

General  Electric  Company,  Corporate  Research  and 

The  phenomena  that  occur  when  an  arc  is  started 
on  a  cold  cathode  are  net  well  understood. U ;  We 
are  interested  in  the  brief  period  (a  few  sec) 
after  breakdown  when  the  électrode  transfers  from 
a  cold  cathode  to  a  hot  cathode  while  being  heated 
by  the  arc.    We  have  investigated  this  "starting 
period"  by  means  of  plasma  probes  and  high  speed 
photography. 

Our  électrode  (Fig.  1)  consists  of  a  tungsten 
shank  (1.2  mm  dia)  and  a  tungsten  wire  overwind 
(0.75  mm  dia).    A  fine  tungsten  plasma  probe  is 
spaced  1  mm  from  the  électrode  tip.    The  arc  tube 
contains  argon  at  2.6  kPa  and  mercury  vapor  at 
0.3  Pa. 

Fig.  2  shows  the  discharge  voltage  and  current 
for  a  symmetrical  arc  tube  (70  mm  arc  gap)  in  the 
first  few  ms  of  opération  on  a  60  Hz  sine  wave 
reactor,  for  the  case  where  the  tungsten  électrodes 
are  coated  with  an  émission  material  (barium  and 
thorium  oxides).    The  discharge  is  mostly  in  the 
low-voltage  arc  spot  mode,  with  brief(40  micro-sec) 
re-ignition  and  de-ignition  spikes  near  current 
zéro.    This  pattern  does  not  change  sigmficantly 
foV-  the  first  1  or  2  sec  of  discharge  opération. 

Our  plasma  probe  showed  that  the  cathode  fall  is 
approximately  12v  in  the  arc  spot  mode,  and  that 
practically  ail  the  re-ignition  and  de-igmtion 
voltage  drop  occurs  in  the  cathode  fall. 

High  speed  motion  pictures  of  arc  starting  were 
taken  with  a  Wollensak  Fastax  caméra  in  16  mm  color 
film  at  3000  pictures/sec.    Thèse  showed  that  m 
the  arc  spot  mode  there  is  a  small,  bnght  arc  spot 
that  moves  rapidly  (5  m/s)  over  the  cathode  sur- 
face.   The  size  of  the  arc  spot  has  not  been  re- 
solved,  it  appears  to  be  less  than  0.2  mm  in  diam- 
eter.    This  implies  a  current  density  exceeding 
15,000  A/cm2.    The  arc  spot  is  surrounded  by  a 
larger  (2  mm),  relatively  diffuse  glow. 

As  the  électrode  heats  up  during  starting 
(1-2  sec),  the  re-ignition  spike  gradually  length- 
ens  in  duration  and  becomes  visible  in  the  motion 
pictures  as  a  distinct  mode.    In  this  "cathode 
glow"  mode,  an  intense,  thin  glow  hugs  a  substantial 
fraction  of  the  électrode  surface  without  movement, 
and  there  is  a  défi  ni  te  dark  space  between  this 
glow  and  the  positive  column.    The  cathode  glow 
mode  gradually  decreases  in  voltage  and  lengthens 
in  duration,  and  eventually  (4-6  sec)  it  transfers 
to  a  diffuse,  low-voltage  thermionic  arc  mode  as 
the  électrode  reaches  incandescence. 

With  a  bare  tungsten  électrode  (no  émission 
material),  the  arc  spot  mode  is  rarely  observed  on 
starting.    Rather,  the  stationary  cathode  glow  mode 
dominâtes,  it  has  a  high  cathode  fall  (200v) 
thrpughout  each  half-cycle  and  heats  the  électrodes 
rapidly. 

The  dominant  and  most  puzzling  feature  of  the 
starting  period  is  the  arc  spot  mode.    With  a  cath- 
ode fall  of  less  than  20v,  it  can  transfer  a  wide 
range  of  current  (<0.1A  to  5A)  to  cold  électrodes. 


Development  Schenectady  N.Y.,  12346  U.S. A. 

This  arc  spot  can  move  about  a  tungsten  surface 
with  scattered  oxide  surface  layers  that  are  less 
than  a  few  microns  in  thickness  as  observed  with 
visible  and  scanning  électron  microscopy. 


Fig.  1 


Fig.  2 


We  analyze  the  cathode  arc  spot  on  the  assump- 
tion  that  the  arc  maintains  a  small  area  on  the 
cathode  at  a  high  température  so  that  thermionic 
émission,  enhanced  by  strong  electric  fields,  can 
provide  the  required  high  current  density.  The 
heat  conduction  from  the  hot  spot  to  the  bulk 
cathode  is  approximately 

\h  '  ^^/^^  ^  °  ^ 
where  T  is  the  température  and  D  the  diameter  of 
the  hot  spot,  and  K  is  the  thermal  conductivity 
of  the  cathode. 

We  estimate  the  maximum  hot  spot  size  by  assum- 
ing  that  the  conduction  heat  loss  is  supplied  by 
ail  the  available  cathode  heat,  i.e.,  by  the 
product  of  current  I  and  cathode  fall  V^,  so  that 

D<  (2/^)  IV^/TK 
For  example,  with  a  hot  spot  température  of  4000°K 
and  with  a  tungsten  substrate  (K  =  1.2  w/cm  °K), 
at  lA  current  and  12v  cathode  fall  we  find  a  maxi- 
mum hot  spot  diameter  of  16  microns.    The  corre- 
sponding  current  density  is  500000  A/cm^.    If  25% 
of  this  current  is  carried  by  positive  ions  that 
are  neutralized  and  thermalized  at  the  surface, 
then  the  pressure  of  the  returning  atom  flux  over 
the  hot  spot  area  A  is 

P  =  (2tt  m  kT)l/2    i/4eA  =  2500  kPa. 
We  conclude  that  the  starting  of  an  oxide  acti- 
vated,  cold  cathode  is  dominated  by  an  arc  spot 
mode  that  has  the  essentiel  characteri stics  of  a 
vacuum  arc,  namely  an  exceedingly  small,  dense, 
moving  plasma  région  close  to  the  cathode  surface. 
The  loss  of  ions  and  atoms  from  this  plasma  to  the 
surrounding  low-pressure  discharge  région  is  bal- 
anced  by  a  flow  of  evaporated  atoms  from  the 
surface. 
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Vacuum  arc  experiments  have  shown  that  arc 
igmtion  is  practically  impossible  at  very  pure 
électrodes  without  surface  effects  such  as  produced 
by  oxides,  etc. (2)  This  agrées  with  our  observation 
that  a  cathode  arc  spot  dominâtes  the  starting  on 
électrodes  that  contain  an  oxide  émission  material, 
while  a  Dure  tungsten  électrode  will  start  in  a 
nigh-voltage  glow  mode. 
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ETUDE  THEORIQUE  DES  PHENOMENES  LIES  A  UNE  CATHODE  LIQUIDE  :  ESTIMATION  DU  TAUX  D'EROSION 
G.  Thiell  and  M.  Fabry. 

Laboratoire  de  Physique  des  Milieux  Ionisés,  Université  de  Nancy  I,  Case  Officielle  140, 
64037  Nancy  Cedex,  France. 


Le  taux  d'érosion  de  la  cathode  d'un 
arc  est  un  paramètre  important  qui  détermi- 
ne la  durée  de  vie  de  l'électrode  et  sa 
connaissance  en  fonction  du  courant  d'arc 
est  intéressante  en  particulier  dans  le  cas 
d'une  cathode  à  bas  point  de  fusion.  Nous 
utilisons  les  résultats  déduits  du  diagram- 
me d'existence  de  l'arc  /!/  appliqué  à  une 
cathode  liquide  (potassium)  sous  atmosphère 
d'argon  pour  la  création  de  plasmas  denses. 
DIAGRAMME  P'EXISTEMCE  PE  L'ARC 
Dans  des  travaux  antérieurs  nous  avons 
développé  un  modèle  de  la  gaine  cathodique 
dans  un  arc  généré  à  partir  d'une  cathode 
liquide  en  potassium  dans  un  gaz  inerte  à 
quelques  torrs .  Nous  avons  construit  le  dia- 
gramme d'existence  des  spots  constituant 
la  tache  cathodique  à  partir  d'un  bilan  des 
échanges  existant  au  voisinage  de  la  catho- 
de, en  envisageant  des  intensités  I  allant 
jusque  100  A  /2/. 

Ce  modèle  stationnaire  permet  de  con- 
naitre  la  région  du  plan  T(j)  où  nous  choi- 
sissons T,  la  température  de  la  tache,  en 
fonction  de  la  densité  de  courant  totale  j 
qui   la  traverse,  avec  pour  seul  paramètre 
le  courant  d'arc,  grandeur  qui   peut  être 
facilement  imposée  expérimentalement.  Nous 
avons  comparé  les  résultats  donnés  par  ce 
modèle  avec  les  grandeurs  directement  ac- 
cessible expérimental  ement . /3/. 

Le  dispositif  expérimental  est  décrit 
en/4/;  la  chute  de  la  tension  cathodique  a 
été  mesurée  à  partir  d'une  technique  de 
sondes  et  trouvée  en  bon  accord  avec  la  va- 
leur calculée.  La  température  et  la  densité 
électronique  ont  été  déduites  de  mesures 
spectroscopiques  effectuées  à  quelques  mil- 
limètres au  dessus  de  la  cathode:   la  densi- 
té électronique  varie  de  10^^  à  10     cm  et 
montre  l'intérêt  du  dispositif  pour  la  gé- 
nération de  plasmas  denses. 


MECANISME  V EROSION  VE  LA  CATHOVE 

Pour  les  processus  d'érosion,  nous  avons, 
utilisé  un  modèle  non-stati onnai re  tenant 
compte  du  mouvement  des  taches  qui  peut 
être  représenté  comme  une  succession  de  pas 
pendant  lesquels  l'arc  se  trouve  à  un  cer- 
tain endroit  pendant  un  temps  t^  puis  à  un 
endroit  voisin  déplacé  d'un  diamètre  de 
spot  (2a)  où  il  opère  à  nouveau  pendant  un 
temps  tg.  Ainsi,  on  suppose  que  les  cratè- 
res sont  similaires  pour  un  couran*t  I  donné 
et  un  temps  t^.  La  vitesse  du  spot  cathodi- 
que peut  alors  être  définie: 

v=2a/t5=2(I/^jt5^)^/^  (1) 
et  le  taux  d'érosion  par: 

e^  =  m^/tj  (2) 
où  m^  est  la  masse  de  matière  perdue  par  la 
cathode.   Quand  un  film  d'oxyde  est  formé, 
les  cratères  sont  des  hémisphères  de  rayon 
a  et  de  forte  densité  de  vapeur  métallique. 
La  masse  de  matière  enlevée  à  partir  des 
cratères  est: 

m^  =   (2/3)  Tra^d  (3) 
où  d  est  la  densité  du  matériau  cathodique. 
Pour  une  cathode  de  potassium  liquide 
d  =  0  ,826  -  0  ,222 . 10"^   (t  -  62 ,4) 

(g. cm-')  (°C) 

et  le  taux  d'érosion  peut  être  écrit  en 
fonction  du  taux  d'évaporation  W(T) 
(  g  .  s"   .  cm"^  )  des  atomes  de  la  cathode  mé- 
tallique à  température  T: 

e^  =  TTa^W(T)  (4) 
o\i  W(T)  est  donné  pour  le  potassium  par: 
log  W(T)  =  6,922  -  0,5  log  T  -  4503/T 
Les  relations   (1)  à  (4)  donnent: 

=  IW(T)/j  (5) 
et  la  vitesse  aléatoire  v  du  spot  cathodi- 
que en  fonction  de  sa  température  T  par: 
V  =  3W(T)/d(T)  (6) 

Cette  relation  est  représentée  sur  la 
figure  1  pour  T  variant  de  1000  à  1500  °K. 
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RESULTATS 

Les  résultats  obtenus  pour  les  diffé- 
rentes quantités  introduites  sont  présen- 
tés dans  le  tableau  suivant,  les  valeurs 
mentionnées  pour  chaque  courant  I  corres- 
pondant aux  valeurs  extrêmes  de  j  et  con- 
duisant aux  valeurs  minimale  et  maximale 
du  taux  d'érosion  (figure  2)  en  fonction 
de  I. 


DISCUSSION 

Pour  essayer  de  justifier  le  fort  taux 

d'érosion  d'une  cathode  en  métal  liquide, 

nous  considérons   le  bilan  en  énergie.  Pour 

des  courants   inférieurs  à  30  A  et  des  den- 
9  2 

sités  j  inférieures  à  3.10  A/m  ,  la  densi- 
té d'énergie  acquise  par  effet  Joule  est 
relativement  faible  devant  celle  perdue 
par  1 'évaporât ion  des  atomes,  en  accord 
avec  l'hypothèse  de  la  formation  d'une  fi- 
ne couche  d'oxyde.   Pour  des  valeurs  de  I 
et  j  supérieures,  l'effet  Joule  ne  peut 
v(cm/s) 

1000- 


Fie.  ^ 


plus  être  négligé  mais  l'érosion  reste 
principalement  due  à  un  fort  bombardement 
ionique  de  la  surface  cathodique.   Un  inten 
se  transfert  de  chaleur  entre  le  plasma  et 
la  cathode  provoque  lacroissance  de  zones 
fondues  dans  lesquelles  se  produisent  des 
mouvements  du  liquide  pouvant  amener  l'é- 
jection de  gouttelettes.  Cet  effet  est 
d'ailleurs  observé  dans  nos  expériences 
pour  des  courants  élevés  (>30A). 

Nous  avons  développé  un  modèle  simple 
permettant  d'estimer  le  taux  d'érosion  et 
la  vitesse  de  déplacement  des  taches  catho 
diques  à  partir  de  l'analyse  des  résultats 
donnés  par  le  diagramme  d'existence  d'un 
arc  à  cathode  de  potassium  liquide.  Toute- 
fois, une  étude  plus  précise  de  ces  phéno- 
mènes devrait  prendre  en  considération 
d'autres  paramètres  tels  que  la  géométrie 
ou  les  parts  respectives  des  différents 
composants  ( i ons  , atomes  ,  gouttelettes) 
responsables  de  l'érosion. 
///G.ECKER  Ginin.al  ElQ.ctKlc  R&pon.t  n'il 

CRV  056    [1973] . 
/2/G.THJELL,J  .C.BRAUN  Re,v  .Phyi  .  Appliquez 

11,609  (Î976). 
/3/M. FABUy ,G.THJELL,J .C.GEÛRGES  J.Appl. 

Pkijé  .   4l,3B97    [1  9  76]  . 
/4/G.THJELL,A.R0SSELER,M. FABRV  J.Appl. 

?hyi>.   47_,  1  724    [1  9  76]  . 
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SURFACE  PHENOMENA  IN  CESIUM  AND  CESIUM  -  NOBLE  CAS  FILLED  THERMIONIC  DIODE 
A.  Baltog  and  G.  Musa. 

Instituts  of  Physics  and  Technology  for  Radiation  Devices,  P.O.  Box  5207  Magurele-Bucharest  Romania. 


In  the  last  years,  an  increased  inte- 
rest  has  been  devoted  to  the  alkali  metal- 
noble  gas  mixture  discharges. 

The  noble  gas  addition  to  the  césium 
thermionic  diode  increases  the  plasma 
density  by  lowering  the  ion  loss  /!/. 
However  it  is  not  known  the  influence  of 
the  présence  of  the  noble  gas  on  the 
césium  activated  cathode  work  function, 
Indeed,  the  work  function  of  the  refrac- 
tory  metals  in  césium  vapours  is  given  by 
the  adsorbed  césium  atoms  on  the  surface. 
Because  the  surface  coverage  with  adsorbed 
césium  atoms  is  established  as  a  resuit  of 
a  dynamical  equilibrium  between  evaporated 
and  condensed  atoms  on  the  surface,  an 
influence  of  the  noble  gas  on  this  process 
is  possible. 

In  the  présent  paper  we  have  studied 
extensively  this  influence  for  molybden- 
cesium  system  for  cathode  température  = 
970  -  laTa^K,  anode  température        =  600°K 
-  1000 "k,  variable  interelectrodic  gap  = 
0,5-3  mm,   césium  vapour  pressure  p^^  = 
0,08  -  0,9  torr  and  xénon  pressure  p^^  = 
0,5  -  10  torr   (residual  pressure  in  the 
device  10~*  torr). 

The  work  function  of  the  molybdenum 
cathode  has  been  evaluated  from  the  value 
of  the  current  for  saturated  mode  of 
opération  of  the  ignited  thermionic  diode 
/2/. 

In  Fiq.    1  are  given  for  two  cathode 
températures  the  obtained  results  for  0g 
versus  césium  pressure  for  pure  césium  and 
for  cesium-xenon  mixtures  with  various 
pressures  of  the  added  noble  gas.  Low  noble 
gas  pressure   (0,5-1  torr)   addition  has  no 
influence  on  the  cathode  work  function. 
For  pressures  higher  thain  1  torr   (3  torr 


and  10  torr)  the  addition  of  the  noble  gas 
to  the  césium  diode  decreases  the  cathode 
work  function. 

This  effect  is  clearly  evidentiated  in 
Fig.   2,  where  the  dependence  of  (0^-0^)/ 
(0o-0Q^),  where  0^  is  the  bare  work 
function  of  molybdenum,   0^  is  the  measured 
work  function  and  0q^  is  the  work  function 
of  the  césium,  is  represented  versus  the 
coverage  degree  6 .  The  obtained  curve  in 
Fig.   2  incorporâtes  the  data  from  Fig.  1 
for  Tg  =  1373°K  and        =  1173°K,  for  pure 
césium  and  with  3  torr  and  10  torr  added 
xénon.  As  an  excimple,  in  Fig.  2  three 
points  corresponding  to  the  same  césium 
pressure  and  with  and  without  added  noble 
gas  are  evidentiated.  A  significant  change 
in  coverage  is  observed,  the  value  of  e 
increasing  with  noble  gas  addition. 

There  are  three  effects  which  can  be 
considered  as  responsible  for  the  change 
of  the  surface  coverage  with  césium  atoms 
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at  the  addition  of  the  noble  gas : 

-  the  decrease  of  the  césium  atoms 
density  in  the  interelectrodic  space  due 
to  the  increased  themo-dif  fusion  ; 

-  the  decrease  of  the  cathode  tempéra- 
ture due  to  the  gas  thermal  conductivity ; 

-  the  modification  of  the  césium  atoms 
adsorption  and  desorption  rates  on  the 
cathode  surface  due  to  the  interaction  at 
the  surface  level  between  césium  atoms  and 
added  noble  gas  atoms. 

The  first  effect  can  only  lower  the 
coverage  degree  6.  The  second  one  can 
explain  the  coverage  increase  only  partly, 
because  the  cathode  température  is 
maintained  at  the  same  value. 

The  influence  of  the  noble  gas  addition 
on  césium  adsorption  and  desorption 
phenomena  at  the  higher  noble  gas  pressure 
cëin  be  considered  as  affecting  the  co- 
coverage  degree.  In  order  to  evidentiate 
this  effect,  the  desorption  energy  0^  and 
desorption  rate,  log        for  neutral  césium 
atoms  and  respectively ,  0^  and  log  for 
desorbed  césium  ions   (calculated  using 
/3/)   are  given  in  Fig.   3  and  Fig.  4.  From 
thèse  figures  it  results  that  noble  gas 
addition  détermines  an  increase  of  the 
desorption  rate  for  neutral  césium  atoms 
and  a  slight  decrease  of  the  desorption 
rate  for  césium  ions  from  the  cathode 
surface. 

In  conclusion,  the  noble  gas  addition 


3,6 


•  ^    logEi  ;]^  =  f373°K 
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logEi:  1^=1T73?K 
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to  the  césium  thermionic  diode  above  a 
critical  pressure  value  changes  the 
desorption  and  adsorption  rates  of  césium 
on  cathode  surface.  Further  expérimental 
and  theoretical  works  are  necessary  for 
detailed  considération  of  the  observed 
phenomena  in  this  experiment. 
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The  current  voltage  characteristics  of 
a  thermionic  diode  is  strongly  dépendent 
of  the  interelectrodic  charge  density.  If 
there  are  no  ions,  the  space  charge  is 
purely  electronic  and  the  VI  characteris- 
tics are  space  charge  limited.  If  there 
are  ions  produced  by  surface  or  volume 
ionization  the  electronic  space  charge  is 
compensa ted  (undercompensated,  compensa ted 
or  over compensa ted) .  In  order  to  eviden- 
tiate  the  contribution  of  the  wall  dif- 
fused  charges  to  the  interelectrodic 
charge  density  we  used  a  spécial  designed 
thermionic    planar  diode,  with  variable 
distance. 

The  cathode-anode  space  is  surrounded 
(including  the  electrôdes)  by  a  grid, 
which  is  provided  with  an  independent 
external  connection.  This  grid  can  be 
biased  positively  or  negatively  against 
the  cathode,   the  applied  voltage  being  0 
or  ±3  V  de.  For  every  of  thèse  voltages 
(l/g)  applied  on  the  grid  we  measured  the 
volt-ampere  characteristics  of  the  cathode 
-anode  space  for  the  following  expérimen- 
tal condition:         =  1023-1373''k,       =  0,2- 
2,5  mm,  césium  pressure  «    =0,13-0,9  torr. 
Ail  the  volt-ampere  characteristics  were 
measured  again  at  each  pressure  of  the 
added  noble  gas  to  the  césium  vapours,  the 
values  of  the  added  xénon  pressure  being 
0;  0,5;   1;   3  and  10  torr. 

The  noble  gas  addition  has  a  direct 
effect  to  the  charge  diffusion,  which  must 
decrease  with  increased  xénon  pressure. 
The  choice  of  xénon  is  due  to  the  appro- 
priate  mass  number  of  césium  and  xénon. 

Let  us  consider  first  the  volt-ampere 
characteristics  when  there  is  no  discharge 
condition  in  the  thermionic  diode.  If  I  is 


the  current  value  right  before  the  charac- 
teristics turn  out  to  the  discharge  mode 
(sudden  increase  of  the  current  at  cons- 
tant voltage)  than  1^(1/^  =  0  V)  is  this 
current  value  for  0  voltage  on  the  grid, 
^  Q=±3  v)  is  the  current  value  when  the 
grid  potential  is  ±3  V. 

In  fig.  1  are  given  the  measured  values 
of  (Al/Ij=f  (l/g=-3  V)-I^(l/g  =  0  v3/Io(l/^=0V) 
for  two  emitter  températures  and  previous- 
ly  mentioned  values  of  the  xénon  pressures 
represented  versus  césium  vapour  pressures 

An  increase  of  the  electronic  current 
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appears  when  the  grid  potential  is  -3  V, 
due  to  the  repelling  effect  of  the  out- 
side  cylindrical  for  the  diffused  élec- 
trons outside  of  the  interelectrodic  gap. 
This  effect  is  more  évident  for  low  emit- 
ter températures  when  surface  ionization 
is  practically  negligible.  In  this  case, 
due  to  the  significant  electronic  space 
charge  and  nearly  zéro  potential  diffé- 
rence between  cathode  ëmd  anode. 
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the  diffusion  of  électrons  outside  the 
interelectrodic  space  is  important.  At 
higher  emitter  température  there  is  a 
partial  electronic  space  charge  compensa- 
tion due  to  surface  ionization  of  the 
césium  atoms  which  subséquent  lowering  of 
the  values  of  the  relative  diode  current 
increase  Al/I   .  The  xénon  addition  lower 
the  électron  diffusion  due  to  the  de- 
crease  of  the  mobility  of  the  électrons. 

For  a  positive  voltage   (+3  V)  on  the 
grid,   the  behaviour  of  àl/î^  is  changed 
drastically  as  it  is  shown  in  fig.  2.  The 
main  effect  is  the  électron  extraction 


from  the  interelectrodic  space  with  sub- 
séquent réduction  of  the  diode  current. 
At  the  considered  température  of  the 
emitter  an  additional  effect  appears  as  a 
resuit  of  the  ion  loss  réduction  which  is 
important  only  at  low  césium  and  xénon 
pressures.  Because  one  ion  can  compensate 
the  effect  of  nearly  500  électrons  to  the 
space  charge,  slight  change  in  ion  loss 
can  give  to  significant  change  in  the 
electronic  current.  At  higher  césium  or 
gas  pressures  the  diffusion  of  ions  is 
reduced  f aster  than  that  of  électrons  /!/. 

The  changes  in  the  VI  characteristics 
of  the  thermionic  diode  at  the  applica- 
tion of  positive  or  négative  voltages  on 
the  grid  can  be  useful  in  order  to  define 
the  real  breakdown  point.  Indeed,  at  this 
point  of  the  diode  potential  the 
différences  between  characteristics  with 
0  V,  -3  V  and  +3  V  on  the  grid,  are 
practically  negligible,  due  to  the  anode 
glow  which  produces  a  potential     trap  in 


the  interelectrodic  gap  with  practically 
no  charge  diffusion  outside  the  gap  /2/. 
In  the  fig.   3,  are  given  the  value  of  the 
breakdown  voltages  Vd  taken  as  usual  and 


^/ûj  f^(torr) 

the  voltage  l/^  as  before  defined.  Because 
l/^  is  a  real  appearance  of  anode  glow  fig. 
3  gives  us  the  error  in  the  appréciation 
of  the  breakdown  voltage  for  various 
parameters  of  the  diode. 

In  conclusion,  the  use  of  the  grid 
gives  information  on  the  charge  loss  out- 
side the  emitter  collecter  space  of 
thermionic  diodes,  pointing  out  the  range 
where  such  losses  are  important.  Conse- 
quently,  a  better  geometry  which  lower  the 
charge  loss  is  a  long  cylindrical  élec- 
trode structure. 

Références 

/l/  G.    Musa,    D.    Popescu,    A,    Baltog   -  Rev. 

Roum,    Phys.,    12,    nr .    1,    73  (1968) 
/2/  G.    Musa  et   al.    -  Proc.    2'^^  Int.  Conf, 

Therm.   Electr.    Pow .    Gen,,    Juli<3i(  1972) 


JOURNAL  DE  PHYSIQUE 


Colloque  C7 ,  supplément  au  n°7.  Tome  40,  Juillet  1979,  page  ZI-  459 


THE  INVESTIGATION  CF  PHYSICAL  PROPERTIES  OF  THE  NEAR  ELECTRODE  REGION  OF  HF  DISCHARGE 

A.A.  Kuzovnikov,  V.L.  Kovalevskii,  V.P.  Savinov  and  V.G.  Yakunin. 

Department  of  Physias,  Moscou  State  Vniversity ,  U.S.S.R. 


This  paper  is  devoted  to  the  investiga- 
tion of  near  électrode  région (nSr) of  High 
frequency  discharge (hfd) of  E-type.  Up  to 
now  no  satisfactory  study  has  been  made 
of  the  physical  mechanism  of  such  HFD, 
whose  characteristic  property  is  the  occu- 
rence  of  the  DC  electric  fields,  caused 
by  HF-detection[l] ,  and  the  streams  of 
fast  électrons [2] in  the  NER.  HFD  of  the 
radiofrequency  range  in  the  HQj  A/s  and/ir 
has  been  investigated.  The  discharge  was 
produced  in  tubes  of  40  mm  diameter  with 
flat  extemal  and  internai  électrodes.  To 
investigate  the  NSR  a  study  w«s  made  of 
the  spatial  distribution  of  intensity  of 
intégral  luminescence J^Xj  and  some  spectral 
linesr;^(xj.  A  comparative  study  was  made 
of  I(X)  andIj^(X)f  or  HFD  and  the  direct  cur- 
rent  glow  discharge (DCGDi 

RESUIffS.  'i)The  distribution J(x)in  a  sm- 
metrical  HFD  in/^€(p=0,25  torr,  HF  volta- 
ge V!»  =400v,  frequency  f=  4Mc)  with  exter- 
nâl  électrodes  is  shown  in  Fig.1 .  J|  The 
dependence  of  I(x)  in  the  NER  of  HFD  in/^C 
(p=0,25  torr,  f=  2Mc)  on       is  illustra- 
ted  in  Fig.2,  where  1-100v,  2-300v,  5-600v, 
4-800V,  5-1000v).  J)Fig.3  shows  the  spect- 
ral line^rj4052A  distributionI,^Cx)in  the 
NER  of  HFD  and  in  the  cathode  région  of 
DCGD  in  the  same  discharge  tube  iA^T  , 
p=0,3  torr,  f=  1,5Mc,V  =700v  in  both 
cases) .  ^  It  is  f  ound  that  at^^  400v  the 
distributionsJ(y)in  HFD  and  DCGD  are  ana- 
logous and  are  equally  dépendent  on  the 
voltage  supporting  the  discharge.  5) The 
dependence  ofI(X)in  HFD  inHc(p=0,25  torr, 
f=  4Mc,l^  =500v)  on  the  électrode  material 
is  illustrated  in  Fig.4.  6)The  dependence 
of  J(x)on  the  kind  of  gas  at  the  fixed  ré- 


gime of  HFD  (p=0,2  torr,  f=  2Mc, V!»  =500v) 
in  the  discharge  tube  with  extemal  élect- 
rodes is  shown  in  Fig.5« 

DISCUSSION.  As  shown  in  Fig.1,JCXjin  HFD 
contains  in  the  neighbourhood  of  the  élec- 
trode ail  the  inhomogeneities  of  liimines- 
cence  characteristic  of  the  cathode  fall 
région  DCGD.  The  homogeneous  région  in  the 
centre  has  the  appearance  of  a  positive 
colvunn.  We  see  in  Fig.2  that  the  mentioned 
distributionJ(xjin  HFD  is  formed  gradually 
with  the  increase  of  "K»  .  At  low  voltages 
(V^<500v)ICK)  has  its  maximum  in  the  cent- 
re of  the  discharge  gap,  falling  monoto- 
nously  to  the  électrodes  without  any  cha- 
racteristic structure  of  J(X)dCGD.  The  mo- 
notonous  fall  of  luminescence  intensity 
from  the  centre  to  the  électrodes  corres- 
ponds to  the  distribution  7(x)in  the  o(- type 
HF  discharge.  In  this  discharge  the  balan- 
ce of  charged  particles  is  due  to  the  vo- 
lume ionisation  by  électrons  whose  éner- 
gies are  determined  by  the  intensity  value 
of  HF  field  at  the  particular  point  of 
space,  and  by  the  diffusion  departure  of 
charged  particles  onto  the  walls  and  élec- 
trodes. As  shown  in  Fig.3>  tbe  distribu- 
tion Ij^(x)f  or  the  spectral  line  A1CÎ4052A 
(as  well  asl()c))  in  HFD  atV^>- 500v  is 
analogous  toJ^^x)in  DCGD,  that  is,  in  a 
"^-type  discharge,  where  the  émission  pro- 
cesses on  the  électrode  and  the  electrone 
avalanche  in  the  NER  are  the  determining 
factors.  In  connection  with  the  coincl- 
dence  of  I(xj  andlj^()^j  in  the  NER  of  HFD  and 
DCGD,  one  may  draw  analogy  between  the 
Itunlne seing  région  of  both  discharges. 
It  is  natural  to  suggest  that  due  to  its 
physical  properties  the  if-^  liiminescence 


C7-  460 


maximum  région  nearest  to  the  électrode, 
in  HPD  is  analogous  to  the  "cathode  lu- 
minescence"of  DCGD.  it  is  also  reasonable 
to  consider  the2^next  to  the  électrode 
maximum  in  the  distribution  IC^} of  HFD 
as  an  analogue  of  the  "négative  lumines- 
cence" région  of  DCGD.  As  knovmC33,  mo- 
ving  from  the  cathode  to  the  "cathode  lu- 
minescence" région  of  DCGD,  électrons 
aaquire  energy  close  to  the  excitation 
potential,  but  lower  than  the  gasioniza- 
tion  potential.  îhus  one  may  suggest  that 
the  luminescence  intensity  of  the  "cat- 
hode luminescence"  région  is  proportional 
to  the  number  of  électrons  emitted  from 
the  cathode.  Then,  the  considérable  inc- 
rease  of  the  amplitude  of  the  y— Ivunines- 
cence  maximum  with  the  increase  of  1^ 
shown  in  Fig.2,  indicates  the  intensifi- 
cation of  émission  processes.  The  distri- 
bution IC^)  shown  in  Fig.  4,5  support 
this  assumption.  Actually,  âccording  to 
Fig.  4  the  luminescence  intensity  of  the 
quartz  (Si)  électrode  in  the  NER  is  higher 
than  that  in  the  neighbo\ixhood  of  the 
Ti-electrode.  The  émission  ability  of  SI 
is  higher  that  of  Ti.  The  émission  inten- 
sity is  determined  by  the  choice  of  the 
pair  "the  gas  -  the  électrode  material". 
According  to  the  investigation pi-J,  the 
combination  "Ar  -  glass"  produces  the 
lowest  émission  whenit  is  compared  with 
other  pairs  of  "an  inert  gas  -  glass". 
Fig.  3  shows  that  at  similar  régimes  of 
HFD  in  Ar  the       luminescence  maximum  is 
considerably  weaker  than  it  is  in  Ne. 
Thèse  results  show  that  in  such  HFD 
^  -  processes  play  an  important  part. 
The  coincidence  of  J(xjand Jj^()(J  in  HFD  and 
DCGD  shows  that  the  character  of  motion 
of  the  électrons  in  the  NSR  is  the  same 
for  thèse  discharges.  Hence,  in  the  Nffi 
of  the  HFD  concerne d  the  électrons  must 
perform  a  unidirectional  rather  than  a 
vibrational  motion  from  the  électrode  to 
the  discharge  center.  This  is  pqssible, 
if  in  the  NSR  the  action  will  be  perfo- 
med  by  the  electric  field  whose  direc- 
tion is  constant  rather  than  variable. 


According  to  the  mechamism  of  HF  -  detec- 
tlonll],  the  time  variation  of  the  élec- 
trode potential  relative  to  the  space  po- 
tential of  plasma  will  represent  unipolar 
négative  puises.  Thise  puises  must  appear 
doiring  négative  one-half  periods  of  HF 
field.  When  the  one-half  periods  of  HF 
field  are  positive,  the  électrode  poten- 
tial must  have  a  small  value  of  the  order 
of  the  "floating"  potential  of  the  disc- 
harge plasma.  Thus,  the  properties  of  the 
investigated  stationaa?y  HFD  are  similar 
to  the  properties  of  the  pulsed  glèwing 
direct  current  discharge. 


Fig  2 
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Introduction;  In  gas  discbarges  with  ad- 
mixtures  of  gaseous  organic  components  the 
formation  of  thin  dielectric  films  is  ob- 
served  /I/.  This  glow  polymerization  is 
very  complex  and  for  an  understanding  of 
the  film  growth  processes  it  is  necessary 
to  investigate  the  plasma  and  the  thin 
films  by  many  différent  methods.  In  this 
paper  results  are  reported  of  the  mass 
spectrometric  examination  of  the  ions  in 
the  positive  coliunn  of  a  de  glow  dischar- 
ge in  a  mixture  of  argon  and  hexamethyldi- 
siloxane  (HMDS)  using  the  method  of  ambi- 
polar  effusion  of  charge  carriers  /2/. 
Pirst  results  of  mass-spectrometric  in- 
vestigations of  a  rf  discharge  plasma 
with  silicon-organic  admixtures  (viryltri- 
methylsilane)  are  reported  by  Vasile  and 
Smolinsky  /3/. 

Expérimental  conditions;  A  diagram  of  the 
apparatus  used  in  this  study  is  shown  in 
Pig.  1.  The  diameter  of  the  discharge  tu- 
be was  2R=1,5  cm,  the  distance  between  the 
électrodes  was  20  cm  and  that  between  ano- 
de and  sampling  orifice  (diameter=40  yum) 
was  4  cm,  The  ions  were  analysed  with  the 
quadrupol  mass  spectrometer  AMP  3.  The  ré- 
férence potential  for  the  accélération 
voltage  was  given  by  a  floating  wall  pro- 
be in  the  discharge  tube  opposite  the 
sampling  orifice.  The  argon  pressure  was 
0,7  Torr,  the  pressure  of  the  HMDS  admix- 
ture  varied  from  1.10  ^^-5.10      Torr,  the 
discharge  current  being  10  mA.  To  avoid 
disturbances  of  the  mass-spectrometer  by 
thin  film  formation,  we  did  not  use  a 
flow  but  a  closed  systera.  The  gas  mixture 
was  filled  into  the  discharge  tube  and 
after  the  ignition  of  the  discharge  the 
ion  mass  spectrum  was  examined  for  20 
minutes. 


Expérimental  résulta  and  discussion;  The 
investigation  of  the  mass  spectrum  shows 
that  in  the  Ar-HMDS-discharge  many  diffé- 
rent kind  of  ions  are  found  (Pig.  2),  The 
relation  between  the  Ar"*"  and  Ar2-ions  is 
similar  to  that  in  a  pure  argon  discharge, 
but  with  increasing  HMDS  admixture  the 
relative  portion  of  Arj-ions  decreases. 
The  AtH"*"  ion  current,  became  greater  than 
that  of  Ar"*"  ions,  and  also  Ar2H'*"  ions  we- 
re detected.  Especially  at  low  HMDS  ad- 
mixtures H^-ions  and  ions  in  the  mass  ré- 
gion of  12-18  and  27-32  were  observed.  The 
time  developmet  of  thèse  ions  shows  that 
at  first  the  concentration  of  the  H^  ions 
increases  and  then  stays  nearly  constant, 
but  the  cTorrent  of  the  other  ions  decrea- 
ses (Pig.3).  Por  higher  HMDS  admixtures 
ions  are  observable  with  higher  molecular 
weight  (Pig, 2).  The  intensity  of  thèse 
ions  changes  periodically  in  dependence  of 
the  molecular  weight.  The  distance  bet- 
ween the  maxima  eimounts  to  H  mass  unit  s. 
At  thèse  higher  HMDS  admixtures  also  the 
current  of  the  ions  with  m/e=17  (CH^)  be- 
comes  relatively  intensive. 
This  ion  population  is  similar  to  that  of 
a  méthane  discharge  /4,5/,  An  remarkable 
change  in  the  intensity  of  the  ions  with 
even  and  odd  mass  nvunbers  as  shown  in  /4/ 
was  not  observed,  This  behaviour  may  be 
due  to  the  relatively  high  électron  ener- 
gy  in  the  small  diameter  discharge  tube, 
because  Vasile  and  Smolinsky  /5/  obtained 
the  same  results  with  an  ion  extraction 
from  a  rf  discharge  in  méthane  through  the 
électrode,  where  the  ions  were  sampled 
from  a  région  with  higher  électron  eneiigy, 

The  observed  ion  population  in  the  argon- 
HMDS  discharge  suggests  the  following  re- 
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action  mechanism.  After  ignition  thin  fi2m 
formation  sets  in.  As  shown  through  expe- 
riments  in  the  flow  System  /6/  this  pro- 
cess  comes  to  an  end  within  the  first  se- 
cond. After  this,  there  is  an  interaction 
of  the  plasma  with  the  thin  film  on  the 
inner  siirface  of  the  discharge  tube.  The 
similaritiea  of  the  ion  mass  apectrtun  to 
that  of  a  methan  discharge  lead  to  the 
conclusion  that  from  the  thin  film  CH^- 
radicals  or  even  greater  partiales  are  re- 
moved  and  ion  molécule  reactions  lead  to 
the  formation  of  the  différent  kinds  of 
ions  observable  in  the  ion  mass-spectrum 
of  the  discharge.  As  discussed  in  /5/,  for 
the  formation  of  ions  with  4  and  more  C 
atoms  neutral  particles  with  2  C  atoms 
are  necessary.  Mass-spectrometric  investi- 
gation of  the  neutral  components  in  an  ar- 
gon HMDS  diacharge  have  demonstrated  in 
addition  to  CH^  the  existence  of 
CjHg/ô/,  so  that  condensation  reactions 
leading  to  the  formation  of  heavier  par- 
ticles are  possible.  The  concentration  of 
the  organic  molécules  decreases,  because 
thèse  particles  too  lead  to  film  formation. 
Some  of  thèse  reactions  are  connected  with 
the  formation  of  hydrogen  which  is  accu- 
mulated  in  the  volume. 
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Pig.1.  Expérimental  set  up  for  the  mass 

spectrometric  investigations  of  the 
ions  in  the  Ar-HMDS-discharge. 
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Pig,2.  Mass  apectrum  of  the  ions  in  the 
Ar-HMDS  discharge,  P;^p=0,7  Torr, 
PHjjj)g=3.10~^  Torr,  i=10  mA.  For 
higher  m/e  values  the  aensitivity 
is  increased  by  the  factor  50. 
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Pig.3.  Time  development  of  the  relative 
currents  of  the  H^,  and  CjHJ 
ions,  Phj,jj3s=  ■'•''O"^ 
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MODE  REGION  OF  MGH  CURRENT  ARC  DISCHARGE 
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Wide  applications  of  high  current  arc 
iischarge  in  some  plasma  devices  make  ttie 
Investigations  of  physical  phenomena  in 
lear-electrode  régions  to  be  very  import- 
ant. 

The  expérimental  investigations  of 
bhe  anode  near-electrode  layer  in  high 
current  arc  (l'-IO^-  lO^A)  burning  freely 
Ln  alkaline  métal  vapoors  at  pressures 
p=IO~^-  10  Torr  and  in  noble  gases  at 
pressures  1-760  Torr  have  been  carried 
Dut.  One  of  methodical  peculiarities  of  a 
présent  work  is  use  of  a  low  température 
srosionless  multichannel  cathode  /I/  which 
allows  to  carry  high  current  densities 
(  j  "  lO^k/cm^)  with  no  contamination  of 
aear-anode  plasma  with  cathode  érosion  ma- 
terial,  which  is  inhérent  in  spot  opération 
fflode.  The  experiments  were  carried  out  in 
puise  opération,  a  voltage  stabilization 
taking  place.  This  circumstance  permitted 
to  study  anode  sheath  breakdown  conditions 
and  anode  spot  formation  mechanism.  A 
puise  supply  of  discharge  (regular  puises 
with  duration      I  ms  and  répétition  rate 
from  I  Hz  up  to  12.5  Hz  and  single  puises) 
permitted  to  vary  a  thermal  régime  of 
anode  and  to  carry  out  a  probe  diagnostics 
of  dense  plasma  (plasma  concentration 
Q  ^10''"^-  lO'^'^cm"^,  électron  température 
is  up  to  3  eV) .  The  plasma  parameter 
radial  distributions  (1,7^    and  plasma 
potentiel  X  )  were  measured  at  various 
distances  from  anode  by  using  the  probe 
and  spectroscopical  techniques.  Evaluation 
of  probe  measurement  data  was  performed  by 
means  of  a  diffusion  theory,  assuming  a 
charge  partical  production  in  the  near- 
probe  sheath. 

It  was  showed  that  at  low  and  inter- 
mediate  pressures  a  current  transfer  in 


anode  région  has  been  provided  by  a  f ield 
current  component       "  ^£       whew   CT  is 
a  highly  ionized  plasma  conductivity , £- 
an  electric  field  strength.  Under  thèse 
conditions  the  spreaded  at  whole  anode 
surface  discharge  existSwith  a  négative 
anode  drop  (AD)  in  the  space  charge 
sheath.  The  négative  AD  retards  an  élect- 
ron flow  from  near-anode  plasma  région  to 
anode  so  that  AD  Ha  is  determined  by  re- 
lation -**f»/KTe  s  Cn  (  ^«.-_cur- 
rent  density  to  anode,         =  ^^'^CA^Jl'e^*) 
-  random  électron  current  density) (Fig.I) . 
It  is  showed  that  the  négative  AD  stabi- 
lizes  an  anode  sheath  in  respect  to  a 
spot  format ion^ and  anode  collection  of  a 
high  current  density  can  not  resuit  in 
change  of  AD  sign  and  in  anode  spot  rise. 

The  change  of  AD  sign  takes  place  on- 
ly  after  near-anode  plasma  transition  to 
a  high  ionization  state  if  a  cathode  pro- 
vides a  sufficiently  high  anode  current 
density    ^a'^éz    '        this  case  a  current 
saturation  owing  to  current  limitation  in 
anode  région  /3/    is  observed  at  current- 
voltage  characteristics.  In  Pig.2  a  de- 
pendence  of  anode  saturation  current  on  a 
random  current  density  is  showed.  The  ob- 
served déviations  from  proport ionality 
which  took  place  at  high  discharge  cur- 
rents  are  due  to  influence  of  own  magne- 
tic  field  on  current  transfer    /5/  in 
anode  région. 

Our  studies  showed  that  discharge 
with  a  positive  AD  is  unstable  in  respect 
to  anode  spot  formation  because  an  anode 
evaporation  and  following  ionization  of 
evaporised  atoms  results  in  increasing 
n(a)  and  removed  the  current  limitation 
mentioned  above.  In  discharge  current  os- 
cillograms  a  sharp  current  grpwth  related 
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to  anode  sheath  breatdown  is  observed  in 
time  interval  T  after  the  discharge  was 
ignited.  This  time  interval  dépends  on  a 
power  supplied  by  électron  flow  to  anode 
and  on  thermal  qualities  of  anode  mate- 
rial. 

In  Fig.  3  the  current- volt âge  charac- 
teristics,  plasma  concentration    Al  and 
floating  potential  values       of  the  probe 
situated  near  anode  are  presented  for 
V  =  0,3  msec  after  the  discharge  igni  - 
tion  in  césium  plasma  at  pressures  p  =  I, 
2  and  4  torr.  One  can  see  that  anode  spot 
breakdown  results  in  a  sharp  concentra- 
tion growth  and  potential  distribution 
reconstruction.  In  the  case  of  the  spot 
opération  the  plasma  parameters  are  inde- 
pendent  on  p  but  are  determined  by  anode 
matériel  vapor  pressure  according  to  the 
spectroscopical  data.  A  svirface  tempéra- 
ture évaluation  of  copper  anode  gives 
7^->»23oo  °K  under  thèse  conditions. 

The  featxire  of  high  current  high  pres- 
sure arc  (/>>I00  torr)  is  a  présence  of  a 
sufficiently  extensive  thermal  layer  in 
anode  région  which  results  in  électron 
cooling  near  the  anode  and  in  diminution 
of  plasma  conductivity/4/ .  It  results  in 
changing  of  a  current  transfer  mechanism 
in  anode  région.  The  current  transfer  to 
anode  is  produced  by  électron  diffusion. 

In  Fig.4  the  diffusion  current  compo- 
nent  value  is  represented  along  the  dis- 
charge gap  for  one  of  the  modes  studied. 
One  can  see  that  the  contribution  of  the 
diffusion  current  conçonent  increases  near 
the  anode  so  that  a  négative  AD  occurs. 
AD  value  is  determined  by  the  relation 
mentioned  above.  The  change  of  a  current 
transfer  mechanism  from  a  f ield  one  (  in 
a  positive  arc  column  )  to  diffusion  one 
(  in  anode  thermal  layer  )  leads  to  arc 
contraction  near  the  anode  which  takes 
place  at  a  négative  AD  without  anode  spot 
formation.  At  high  discharge  currentsthe 
contraction  development  can  restait  in 
change  of  AD  sign  and  in  the  spot  forma- 
tion. 
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EFFECT  OF  DISCHARGE  RADIATION  ON  ELECTRODE  PROCESSES  IN  HELIUM 
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The  themionic,  autoelect ronic  and  seconda- 
ry  ion-electron  émissions  are  usually  consi- 
dère d  to  be  the  main  électron  sources  in 
the  cathode  région  of  electric  arc  and 
spark  discharges.  Some  other  important  sour- 
ces of  électrons,  with  the  photoeffect  on 
the  cathode  surface  among  them,  can  be  as  - 
sumed  to  explain  the  current  strength  and 
cathode  spot  motion.  However,  it  is  extre 
mely  difficult  to  distinguish  the  rôle  of 
the  photoeffect  in  experiments,  since  the 
far-ultraviolet  radiation  exhibiting  the 
photoeffect  on  most  metals  is  greatly  absor- 
bed  by  the  discharge  atmosphère. 
The  screening  effect  of  the  atmosphère  can 
be  substantially  diminished  while  studying 
a  discharge  in  inert  gases  optically  trans- 
parent up  to  short  wavelengths. 
Our  experiments  have  been  made  in  the  héli- 
um .  atmo  sphe  re  ,whose  transmittance  is  up  to 
400  A  /I/.     This  corresponds  to  ultimate 
light  quantum  energy  of  ~  25  eV,  markedly 
prevailing  over  the  électron  bond  energy  in 
solids.  Vacuum  ultraviolet  quanta  that  pass 
through  the  atmosphère  of  thèse  gases  are 
capable  of  producing  the  photoeffect  on  ail 
metals  and  alloys.   The  electric  discharge 
between  a  flat  polished  cathode  and  cone- 
-shaped  anode   (Cu,Mo,W)  was  studied  under 
the  continuous  and  puise  conditions    with  a 
space  between  électrodes  being  equal  to  ' 
~  10  mm.   The  discharge  chamber  at  a  près  - 
sure  of  ~  1  atm  was  continuously  blown 
through  by  the  hélium  flow  to  remove  the 
électrode  contaminations  of  the  atmosphère. 
Under  steady  conditions,  the  électrode  vol- 
tage amounted  to  300  V,  and  the  current 


ranged  from  1  to  5  A,  while  in  the  puise  ré- 
gime thèse  were  8  kV  and  100  A,  respecti  vely . 
In  the  steady  conditions,  when  the  atmosphe- 
ric  purity  is  ensured,  there  appeared  a  dis- 
charge with  a  contracted  column  and  dise 
cathode  ~  2  0-30  mm  in  dia  /2/.   The  reasons 
for  the  cathode  dise  formation  have  not 
been  earlier  discussed-   It  is  important 
that  the  cathode  current  covers  the  whole 
dise  région  and  its  density  cannot  be  att- 
ributed  only  to  the  above  processes.  Both 
thermionic  and  autoelect ronic  émissions 
little  contribute  to  the  current  density 
because  of  a  low  cathod^  surface  tempéra- 
ture  (several  hundreds  of  degrees)  and 
small  electric  current  strength.   The  cont- 
ribution of  the  secondary  ion-electron 
émission  is  also  small  due  to  a  low  current 
density   (fractions  of  A/cm^). 
The  investigations  show  that  the  most  pro- 
bable additional  process  that  causes  élect- 
ron émission  from  the  cathode  surface  out- 
side  the  discharge  column  is  photoeffect 
due  to   discharge  ultraviolet  light. 
The  above  is  proved  by  the  following.  Tlie 
dise  glow  never  appears  in  the  main  dis- 
charge shadow  created  by  the  dielectrie 
screen  plaeed  into  the  dis  charge  chamber. 
The  dise  glow  dianieter  dépends  on  the  ca- 
thode material.  It  is  greater  on  the  metals 
having  a  higher  électron  wo  rk  function 
(Fig.l).   T^is  is,  probably,  due  to  the  faet 
that  with  prescribed  radiative   flux,  a 
larger  are  a  is  née  de  d  to  produce  the  requi- 
red  current  for  higher  électron  work  func- 
tion. 

Beyond  the  dise  glow,  small  local  discharge 
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sites  shaped  as  a  coronâ  0.5-3  mm  in  dia 
(Fig.Z)  can  be  generated  on  the  cathode  sur- 
face.  It  should  be  noted  that  thèse  sites 
were  registered,  being  partially  and  comp  - 
letely  isolated  from  the  main  discharge. 


Fig.   1     Disc  glow 
diameter  vs  cur  - 
rent  o£  émission 
from  the  cathode 
at  T=6  00  K 


shock  waves  are  no  longer  generated  in  the 
discharge  column. 


Fig  2     Discharge  with  local  sites 
With  the  métal  probe    placed  far  from  the 
discharge   (up  to  2 0  cm)  where  the  gas  is  at 
room  température,  relatively  large  electric 
currents  up  to  500  pA  are  registered.  Thèse 
currents  appear  only  when  the  probe  is  in 
sight  of  the  main  discharge.   The  probe  cur- 
rent  lasts  provided  that  a  quartz  plate  is 
mounted  in  front  of  the  probe  and  vanishes 
completely  when  this  plate  is  replaced  by  a 
glass  one. 

The  kinetics  of  the  cathode  dise  in  the 
puise  régime  studied  by  the  streak-photog- 
raphy  of  glow  (Fig. 3)  also  testifies  in  fa- 
vor  of  the  above  statement. 

The  data  show  that  the  speed  of  radial 
spread  of  the  cathode  dise  can  achieve  tens 
of  km/s,  that  greatly  exceeds  a  possible 
expansion  velocity  of  heated  gases  in  the 
discharge.  Also,  we  observed  that  glow 
starts  first  in  the  periphery  and  then  co- 
vers  the  régions  close  to  the  discharge 
centre.  It  is  also  important  that  the  ca- 
thode dise  starts  forming  not  with  dis  - 
charge  break- down  but  much  later  when 


Fig.  3    Streak-photography  of  the  cathode 
glow:  a  -  syrametric  cathode  glow,  b  -  asym 
metric  cathode  glow 

The  formation  of  asymmetric  cathode  glow 
can  be  observed,  too .  In  this  case  tirae 
variations  of  the  shape  and  position  of 
the  cathode  région  may  be  considered  as 
the  well-known  cathode  spot  moving  over  th 
cathode  surface. 

The  experiments  demonstrate  that  the  shape 
and  kinetics  of  a  cathode  spot  in  the  heli 
um  discharge  are  affected  by  some  procès  - 
ses.  Of  importance  is  also  the  contribu  - 
tion  of  photoprocesses  on  the  cathode  sur- 
face, namely,  the  cathode  surface  photoef- 
fect  caused  by  discharge  ultraviolet  radia 
tion.  However,  a  small  radiation  path  of 
the  vacuum  ultraviolet  région  hampers  thei 
observation  in  other  atmosphères. 
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rhe  field  of  composite  mateiials  repre  - 
sents  a  considérable  source  of  possibili- 
ties  for  searching  eiosion  lesistant  élec- 
trodes. The  experiments  tiave  shown  that 
Bxosion  résistance  of  composite  material 
électrodes  dépends  upon  a  chain  length  of 
refractory  component  sintered  particles  1 
that  is,  the  longer  thèse  chains  aie,  the 
more  érosion  résistant  the  material  is.  It 
is  indicative  of  perspective  application 
of  composite  materials  with  fibrous  struc- 
ture, that  is,  leinforced  materials.  Spé- 
cial investigation  of  intégral  érosion 
effect  at  discharge  on  the  boundary  line 
between  two  metals  have  first  been  pre- 
sented  in    2  ,  It  has  been  shown  that  in 
this  case  asymmetrical  érosion  traces 
form  and  the  processes  have  been  interpre- 
ted  from  the  electrical  érosion  migration 
theory  point  of  view.  Up  till  now  the  dy- 
namics  of  the  électrode  processes  on  lein- 
forced  materials  has  not  been  investigated 
Ihe  électrode  processes  on  reinforced  ma- 
terials: W-Ag,  V/-Cu,  Fe-Al  at  discharges 
with  square  current  puise  of  180  jjls  and 
current  amplitude  of  450-1720  A  have  been 
studied  by  high-speed  photorecording.  The 
experiments  have  been  carried  out  in  air 
at  the  atmospheric  pressure. 
Erosion  traces  at  unit  discharge  on  rein- 
forced materials  in  cathode  and  anode  ré- 
gimes are  characterized  by  the  présence 
of  zones  v/ith  continuous  failure  of  wires 
and  bonds  as  well  as  the  ones  with  failure 
of  wires  only  along  the  perimeter.  With 
high  density  of  wires  the  bond  pressed 
out  in  the  form  of  lugs  is  observed 
(Fig.  1a,b). 

Prom  thèse  photograms  it  follows  that 
électrode  processes  are  of  a  discrète  ty- 


pe in  space  and  time  which  is  revealed  in 
appearance  and  existence  of  separate 
spots  providing  current  flow  through  the 
boundary  between  métal  and  plasma.  In 
this  case  the  spots  on  reinforced  materi- 
als are  of  the  same  form  as  on  homogene- 
ous  materials.  However ,  their  distribu- 
tion due  to  macroinhomogeneity  of  rein- 
forced materials  has  a  number  of  peculia- 
rities.  As  a  whole  discharge  development 


ration  depending  on  the  material  composi- 
tion 3  .  Thus  in  the  case  of  a  reinforced 
material  Fe-Al  the  primary  period  of  the 
discharge  in  the  cathode  régime  is  charac 
terized  by  the  development  of  weak  lumi- 
nescent mobile  spots.  The  intense  uniform 
luminescence  of  wires  begins  from  about 
the  30th  jdB  and  from  the  70th  jus  bright, 
less  mobile  spots  appear.  They  develop 
along  the  perimeters  of  the  wires  gradual- 
ly  coverlng  ail  the  area  with  further 
transition  to  the  Al-bond.  The  régions 
of  bright  luminescent  spots  form  a  bright 
cloud  in  the  centre  of  the  discharge,  its 
area  coinciding  in  dimensions  with  the 
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fused  zone  of  the  eiosion  trace.  In  the 
case  of  the  materials  W-Cu  and  W-Ag  the 
process  of  dischar ge  development  is  cha- 
lacterized  by  uniform  luminescence  of  wi- 
res  up  to  20-30  ;is  followed  by  the  appea- 
rance  of  bright  luminescent  spots  along 
the  peiimeters  of  the  wires  which  gradual- 
ly  covei  ail  the  area  of  the  wires  with 
further  transition  to  the  bond, 
lirespective  of  the  polarity  of  électrodes 
and  alongside  v/ith  the  selectivity  of  spot 
appearance  some  delay  in  appearing  bright 
luminescent  spots  is  observed  in  compari- 
son  with  the  case  of  homogeneous  materi- 
als. The  process  of  discharge  fading  is 
characterized  by  fading  firstly  bright 
luminescent  spots  on  the  bond  and  in  the 
centre  of  the  wires,  The  spots  on  the  wire 
peiiphery  are  the  last  to  disappear. 
The  reinfoiced  materials  aie  characterized 
by  a  big  length  and  random  direction  of 
boundary  lines  between  metals  with  diffé- 
rent physical  properties.  This  influences 
the  distribution  of  spots  4    in  a  compli- 
cated  way.  The  refractory  wires  act  as 
kerns  stabilizing  spots  as  it  happens  in 
the  case  of  Hg-discharge . 

Such  a  distribution  of  spots  substantially 
influences  the  development  of  thermophysi- 
cal  processes  which  results  in  a  number  of 
peculiarities  of  the  érosion  effect.  The 
primary  peculiarity  consists  in  the  main 
heat  load  being  perfoxmed  by  the  refracto- 
ry wires  of  the  wire  fitting  and  a  more 
fusible  component  performs  the  fonction  of 
a  cooling  agent.  The  fusible  component 
contribution  to  the  érosion  process  is  de- 
teimined  in  gênerai  by  the  vaporous  phase 
because  its  melt  is  kept  fiom  throwing  out 
by  the  capillary  forces, 

Hence  it  follows  that  the  bond  must  pos- 
sess  good  electiical  and  heat  conductivi- 
ty,  a  considérable  wetting  as  far  as  the 
wire  material  is  concerned,  The  boiling 
point  is  to  be  somewhat  lower  and  compar- 
able with  the  melting  température  of  the 
wires.  The  vapor  pressure  must  be  some- 
what larger  than  that  of  the  wire  material 
This  will  condition  discharge  burning  on 


the  wires  with  smaller  density  of  the  cur- 
rent  than  in  the  vapor  of  the  wire  materi- 
al. 

It  is  also  important  that  wire  sizes  sho- 
uld  be  comparable  with  the  ones  of  heat 
interaction  z.one  of  metals.  This  will  pro- 
vide  the  large st  levelling  of  the  heat 
load  on  the  surface  of  the  reinforced  ma- 
terial. The  delay  in  appearance  of  bxight 
spots  making  the  main  contribution  to  the 
érosion  is  determined  by  the  cooling  effecî 
of  the  bond,  The  whole  complex  of  the  above 
conditions  provides  a  considérable  increa- 
se  of  the  érosion  résistance  of  reinforced 
material  électrodes  in  compariaon  with  the 
ones  of  homogeneouB  materials. 
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lOTE  C3N  THE  SELF-SUSTAIh«NG  CREEP  DISCHARGES  IN  GAS  AT  THE  DIELECTRIC  SURFACE 
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Vhen  a  thin  dielectric  spécimen  is  placed 
Detween  flat  cylindrical  électrodes  of  a 
Jiameter  much  smaller     than     that     of  the 
spécimen  and  alternating  voltage, V=  50  Hz 
Ls  applied,  creep  discharges  take  place  in 
the  gas  phase  near  the  surface. The  discha- 
rges concentrate  in  narrow  channels  orien- 
ted  radially  with  respect  to  the  électrode 
and  may  be  registered  by  means  of  a  photo- 
multiplier  (  flashes)  or  charge  amplifier 
(apparent  charge).  Study  of  the  conditions 
in  the  plasma  channel     requires  investiga- 
tion of  the  discharge  self-sustain  ance. 
In  this  note     the     preliminary  results  are 
given  which     provide  a  basis  for  checking 
the    validity  of  Paschen's   law  as  the  self 
-sustainance  criterion.  The  electric  field 
intensity    near  the  électrode    edge  can  be 
approximated  by  the  quasi-unif orm  field  up 
to  the  critical  distance     R^.  The  calcula- 
tions  based  on  the  équivalent     circuit  me- 
thod  [l].[2]  reveal  that  R  is  strongly  dé- 
pendent on  the  damping  parameter 

0=  (27r);bÇ>i"')^  ~^0*C'm'^       (  see  Fig.l) 


where  and  h  are  the  permittivity  and  thi- 
ckness  of  the  spécimen,  respect ively ,  §  is 
the  resistivity  of  the  surface  gas  layer 


which  strongly  dépends  on  the  effect  of 
injection  of  carriers  into  the  spécimen 
[^3].  Tue  disclicrges  were  detected  by  means 
of  a  high  sensitivity  and  low  noise  level 
photomultiplier  or  a  charge  amplifier 
working  in  the  puise  régime. The  electronic 
set-up(Fig.2]  allowed  us  to  measure  the 
voltage  characteristic  of  the  discharge 
intensities  and  to  détermine  the  inception 

,,inc 
voltage  U 
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Fig.2 

As  inception  voltage  we  understand  the  vo- 
ltage forwhich  discharges  are  initiated  by 
carriers  evaporated  from  spécimen  surface 
[  3].  Measurements  were  done  for  a  number 
of  dielectric  matériels  as  plexi  -  PG, 
m^V^2^0^[  001)  -  ADR  and  bakélite  BC.  The 
diameters  of  the  électrode  and  sample  were 
5  mm  and  20  mm,   respect ively  .The  thickness 
of  the  sample  was  1  mm.  A  typical  depende- 
nce  of  U^"^  on  gas  pressure  is  shown  in 
Fig.3.  The  calculation  of  the   5  U^"*^/ ^  p 
ratio  was  based  on     Paschen's  law. 
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where  p  is  the  pr'essure  of  the  spécimen 
ambient  gas,R^  is  équivalent  distance  bet- 
ween  flat  électrodes  for  the  discharge 
channel  fitted  to  best  agreement  with  ex- 
périmental data. 


Q5    1.0  2  3 

PRESSURE  [b] 

Fig.3 

The  coefficients  A,  B>  and  Y  were  taken 

from  the  literature  for  plane  geometry 

and  the  investigated  gases     for  example 

from  ref,[4  1  ,  The  values  of  R  obtained 
o 

as  a  resuit  are  of  the  order  of  4  x  10  cm 
for  argon,  2  x  10~^cm  for  air,  and 
5  X  10~^cm  for  hydrogen.  The  values  of 
U^"'^  are  1-3  times  smaller  than  the  mea- 
sured  ones.  Additionally  the  dependence  of 
on  the  thickness  of  the  sample  was  che- 
cked.An  increase  of  the  spécimen  thickness 
induced  an  increase  of  the  range  of  the 
effective  electric  field,due  to  the  lower- 
ing  of  the  damping  parameter  a  ^ see  Fig.l^ 
As  a  resuit  longer  sparks  are  allowed.what 
corresponds  to  the  expérimental  results; 
h  =  0.22  mm     and     R  =  4  x  10~^cm, 
h  =  1,3  mm       and     R^=  6  x  lO'-^cm. 
The  results  of  our  measurements  allow  us 
to  draw  the  following  conclusion: 
l.Paschens    law  is  qualitatively  fulfilled 
for  the  creep  sparksfor  pressure  as  well 


as  for  spark  length  variation,  which 
suggest  that  the  discharges  are  self-su- 
staining 

2.  The  spark  length     R     is  of  the  order  o1 

-2  ° 
10     cm,  which   corresponds  to     the  field 

intensity  of  the  order  of  lO^Vcm"'''  and 

damping  parameter  10  -  100  cm~^,As  a  re- 

sult  our     quasi-unif ormity  assumption 

of  the  electric  field  is  fulfilled,  see 

Fig.l. 

3.  No  dependence  on  the  polarity  of  the 
électrode  has  been  observed  for  the  un- 
transparent   bakélite  BC,   see  Fig,3. 

4.  The  absolute  values  of  U^"^*^  are  strongly 
dépendent  on  the  spécimen  material  ever 
for  similar  R^  magnitudes  ^see  Fig.3^, 

Taking  into  account  that  the  discharge 
time  is     of  the     order  of  10''^s  even  for 
sparks     1  cm  in  length  [s]     and     that  U^"'^ 
is  independent  of  polarity  of  the  électro- 
de we  can  suggest  that  self-sustainance  is 
based  on  photoionization  effects  as  well 
as  exchange  of  carriers  between  the  plasma 
channel  and  the  spécimen  surface. 
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PROBABILITY  OF  THE  CREER  DISCHARGES 
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When  a  dielectric  sample  a  few  centi- 
meters    in  diameter  and  about     1  mm  thick 
is    placed    in  an  a.c,  field    of  1  kV  and 
f=50Hz  between  two  steel  électrodes  of  se- 
veral  milimeters  in  diameter  a  creep  dis- 
charge occurs  under  normal  conditions  in 
the  air  at  its  surface. The  discharges  con- 
centrate  in  several  narrow  channels  orien- 
ted  radially  with  respect  to  tha  électrode 
axis. 

Dur  previous  investigations  as  well  as 
those  presented  here  were  conducted  in  fu- 
lly  controlled  physical  parameters  of  the 
gas  in  the  experiment  :  the  air  température 
humidity  and  pressure  were  20°C,  30%  and 
1  atm.  respectively.The  geometry  of  the 
détection  system  as  well  as  electronic  set 
-up  has  been  similar  to  those  published 
earlier  [il [2].  The  measurements  were  done 
for  bakélite,  teflon,  plexiglass,  the  ré- 
sulte obtained  being  qualitatively  similar. 

The  aim  of  the  présent  work  was  the co- 
ntinuation of  the  study  of  the  statistical 
properties  of  the  creep  discharges. 


ro  cross  point  to  the  occurence  of  a  defi- 
ned  number.  k.  of  discharges,  Fig.l,  C^^) 
the  influence  of  the  preceding  discharge 
amplitude  on  the  successive  one  A.  Fig.2, 
(^iii)  the  waiting  time,  and  (iv)  distri- 
bution l(At)  of  time  intervalsAt  between  to 


Fig.l 

m  the  course  of  the  investigations 
were  done  t he • meaeurement s  of  :  (il  distri- 
butions N(kt)   of  time  elapsed  from  the  ze- 
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\\ 

12 

Fig.2 

consécutive  discharge  cascades  measured  in 
number  of  voltage  cycles,  Fig.3. 

IW)" 


2  3 

Fig.3 

The  results  for  BC  sample  are  shown  in 
Figs.  1-3  by  way  of  the  examples.  Figs.1,2 
are  for  the  applied  voltage  amplitude  ex- 
ciding  30%  of  the  inception  value. The  re- 
sults in  Fig.3  were     done  for  2%  over  vol- 
tage where  discharges  occur  in  cascades  of 
6-10  time  separated  discharges  with  avera- 
ge  répétition  of  cascades  40  ms.The  dashed 
lines  in  Figs  1  and  3  represent  calcula- 
tions  based  on  Poissons    distribution  for 
variated  average  intensity  taken  from  si- 
multaneous  measurements,   solid  line.  The 
discharge  amplitude  distributions  Fig.2 
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were  measured  for  the  k-th  discharge  in 
the  cycle,  VVe  compare  the  amplitude  dist- 
ributions, for  small  and  high  amplitudes  of 
the  preceding  discharges,  dashed  and  solid 
lines,  respectively. 

The  discussed  materxal  reveals  that 
the  discharge  probability  is  fully  descri- 
bed  in  terme  of  the  Poisson's  statistics 
as  well  as  independence  of  the  discharge 
amplitude  distribution  for  the  successive 
discharges, This  means  that  ail  paremeters 
describing  discharges  are  independent  of 
the  "history"  of  the  discharges,  not  only 
those  which  are  related  to  the  probability 
of  discharge  initiation. 

Formally  the  probability  of  the  creep 
discharge  per  unit  time  P  (r  t)can  be  ta- 
ken  as  proportional  to  the  number  of  free 
électrons  in  the  electric  field  opération 
région  and  to  the  probability (normalized 
to  unit  time)  that  the  âccelerated  élect- 
ron can  initiate  the  avalynche  (r"t) 
this  is  so  the  Poisson  s    statistic  has 
been  fulfilled 

where:  r  =  r  +  x    is  the  radius  of  the 
ring  at  the  dielectric  surface  which  is 
under  discussion.  6e.  is  the  density  of  e- 
lectrons  in  the  near  to  the  surface  air 
layer , 

It  has  been  postulated  [2]   ,  [s]  that 
a  certain  number  of  électrons  is  attached 
to  the  sample  surface  during  the  discharga. 
In  effect  the  électrons  are  liberated  by 
way  of  thermal  or  field  émission.  The  éle- 
ctron density  in  the  gas  is  proportional 
to  the  frequency  of  detachment  and  expone- 
ntialy  decrease  as  a  function  of  the  time 
with  half-time  of  order  of  10  ms.As  resuit 
of  the  simplification  chain  the  probabili- 
ty of  a  discharge  at  time     t     can  be  wri- 
tten  as 

P(t)=TTP«6e(t)[2T„l?ft)  ^R^(é)] 
The  effective  radius  of  the  electrical 
fields  R    can  be  calculated  on  the  base  of 
the  équivalent  circuit  model  [l]  , 

A  very  simple  formula  describing  the 
probability  of  the  discharge  phenomenon 
was  obtained  at  the  costs  of  introducing 
assumptions  as  to:  the  effective  of     P  , 


the  exponential  character  of  the  attache- 
ment effect,  the  averaging  of  the  surface 
density  6e  and  validity  of  équivalent  cir- 
cuit for  description  of  the  electrical 
fields. 

The  comparison  of  calculations  based 
on  above  formula  and  expérimental  results 
reveal  a  good  agreement  Fig,4,  The  discre-r 
pancy  is  resuit  of  small  knowledge  about 
half-life  of  the  carrier  evaporation  effe- 
ct (in6e)and  preliminar  carrier  density 
parameter  (in  r)  , 
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SOME  PARTICULARITIES  OF  THE  MOLECULAR  EXCHANGE  IN  A  HF  LOW  PRESSURE  DISCHARGE 
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The  particle  transport  in  the  interelec- 
trode    space  of  a  HP  capacitor  discharge 
is  investigated  in  view  of  optimization 
of  thin  dielectric  film  déposition  pro- 
cessus. The  concrète  process  investiga- 
ted here  consists  in  decomposing  organo- 
-metallic  compounds  and  donor-acceptor 
complexes  in  the  non-equilibrium  plasma 
of  a  HP  discharge  to  form  a  GaN  film  on  a 
single-crystalline  surface.  As  basic  re- 
actants  we  use  organo-metallic  compounds 
and  co-ordinate  complexes  based  on  them, 
with  low  vapor  pressure  so  that  they  can 
be  injected  as  gases  into  the  plasma  re- 
actor . 

In  the  discharge  column  a  chemical  reac- 
tion of  the  Eext  kind  is  assumed  to  take 
place: 

R^Qa-  NR3  4.  Ni       QaN  +  R-(CH3  ^C^Hs  .^3^;^) 

The  so-formed  radicals  and  hydrocarbons 
are  evacuated  as  gases,  and  GaN  molécu- 
les are  transported  to  the  single-crys- 
talline surface  and  are  deposited  on  it 
the  reaction  of  GaN  formation  takes  pla- 
ce either  in  the  HF  plasma  column,  or  in 
the  électrodes  spaces.  To  avoid  nitrogen 
lattice  discontinuities  in  the  deposited 
film,  the  reacting  mixture  partial  pres- 
sure sensibly  exceeded  the  stoichiometric 
one.  The  electrical  field  in  the  dischar- 
ge column  varied  from  SO  to  500  v/cm  and 
the  plasma  parameters  were; 
4  ^  Te  <4€V;         T^^  0,^<v;       «^i^  'O 
Our  conclusions  on  the  character  of  the 
molecular  are  based  on  the  analysis  of 
the  dependence  of  the  déposition  rate  on 
the  initial  compounds  partial  pressure, 
the  total  pressure  of  the  mixture,  the 
processus  duration  and,  mainly,  on  the 


discharge  spécifie  power.  The  obtained 
linear  dependence  of  the  déposition  rate 
on  the  initial  compounds  partial  pressure 
and  on  the  total  pressure  of  the  gaseous 
mixture  means  that  the  process  of  GaN 
film  growing  is  due  to  gaseous  diffusion. 
Probably,  the  GaN  formation  takes  place 
essentially  in  the  plasma  column.  On  di- 
electric surfaces  (sapphire,  Si02).  The 
déposition  rate  is  Igirger  by  a  factor  of 
1,5-2  then  on  conducting  ones.  This  fact 
can  be  explained  as  the  resuit  of  an 
electrical  field  shielding  by  the  dis- 
electric  surface. 

The  dependence  of  the  déposition  rate  on 
the  input  power  is  shown  on  fig.1  and  2. 
probably  two  compe-^ting  processes  in  plas- 
ma détermine  the  film  growing: 

1.  The  GaN  formation  as  a  resuit  of  the 
décomposition  of  the  initial  compaund. 

2.  The  GaN  desorption  from  the  single- 
-crystalline  surface. 

The  first  process  should  be  characterized 
by  the  curve  2  of  fig.1,  increasing  at 
low  power  input  and  saturât ed  at  high  po- 
wer input,  when  the  initial  compound  en- 
tering  the  plasma  reactor  is  fully  decom- 
posed  within  the  discharge  column.  Since 
the  molécule  transport  to  the  électrodes 
is  due  to  diffusion  it  should  dépend  en- 
tirely  on  the  molécule  concentration  va- 
riation in  the  plasma  column  so  that  the 
curve  2  of  fig.1  characterizes  also  the 
molécule  attachment  to  the  électrodes. 
The  absorption  and  desorption  processus 
can  be  characterized  by  the  straight  line 
3,  meaning  that  the  increase  of  input  po- 
wer causes  NGa  desorption  from  the  surfa- 
ce, mainly  due  to  électron  and  ion  bombar- 
dment.  The  resulting  curve  1  is  a  conse- 
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quence  of  the  simultaneous  occurence  of 
the  two  processes. 

The  expérimental  data  obtained  in  the 
présent  paper  and  shown  on  fig.2  confirm 
the  a-priori  picture  of  fig.1. 


VIII 


—  Dispositifs  variés  pour  décharges  dans  les  ^az 
Miscellaneous  discharge  devices 
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THE  FIF-ION  SOURCE  RIG  10  FOR  INTENSE  HYDROGEN  ION  BEAMS 
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1.  IlOTRODUCTION;  Neutral  injection  is  a  new  field  of 
application  of  rf-ion  sources  ( 1 ) .  In  corparison  with 
arc  discharge  sources  there  are  sotte  advantages  of 
our  rf-plasita  source  called  RIG  10  (Radio-Frequency- 
][on-Generator  of  JIO  cm  in  diameter)  :  This  type  of  ion 
source  has  no  discharge  électrodes  ititmersed  in  the 
discharge  plasma.  As  there  are  no  filaitents  in  con- 
tact with  the  plasma,  there  are  no  lifetime  (and  im- 
purity)  problems  by  filament  detoriation.  The  re- 
ocrtibination  rate  of  atcmic  hydrogen  (2  H  — »  H.)  at 
quartz  walls  of  the  discharge  vessel  is  ittuch  less 

10     T  10    )  than  on  metallic  ones  (2) .  This  results 
in  a  high  proton  fraction  of  about  90%  (1,3) .  Basic 
investigations  showed  that  it  is  possible  to  gain 
current  densities  of  55    ma/an    at  an  rf-power  of 
1  kw.  In  the  running  experiitents  the  discharge  power 
is  increased  up  to  20  kw.  The  profile  of  the  plasma 
density  and  the  radial  distribution  of  the  plasma 
température  are  meastared  by  floating  double  probes 
in  dependency  of  the  discharge  pressure,  the  rf- 
frequency,  and  the  rf-power. 

2.  DESIGN  AND  MODE  OF  WORKING  OF  RIG  10 

2.1  Définition  of  the  Catponents:  Conceming  the  me- 
chanical  set-up,  the  rf -plasma  source  RIG  10  is  very 
simple.  As  shown  in  the  half-schematical  Fig.  1,  it 
œnsists  of  the  following  coitçonents: 

1.  H2-inlet  and  regulator  valve 

2.  Discharge  vessel  made  of  quartz  (inner  diam. :10  cm) 

3.  Distributor:  The  hydrogen  gas  enters  the  discharge 
chamber  radial ly.  There fore,  the  stay  of  the  atoms 
inside  the  discharge  région  is  enlarged  and  the 
probability  to  be  ionized  will  be  increased. 

4.  Rf-induction  coil  (air  cooled) 

5.  Extraction  system  with  subcoitponents  (extraction 
anode,  extraction  cathode,  decel  électrode) . 

2.2  Mode  of  Working:  In  radial  direction  the  hydro- 
gen gas  enters  the  discharge  chaitiber,  v^ich  is  sur- 
rounded  by  the  induction  coil  of  an  rf-generator.  Due 
to  the  Maxwellian  laws,  a  high  frequency  magnetic 
field        and  in  conséquence  an  electrical  rf-field 
ELp  (Fig.  2)  is  induced.  Free  électrons  inside  the 
aîscharge  région  are  accelerated  by  the  rf-field. 
i*hen  they  gave  gained  sufficient  energy,  they  are 
able  to  ionize  neutral  atons  by  inelastic  collisions, 
rhereaf ter ,  the  secondary  électrons  -  created  in  this 
ionization  process  -  are  accelerated,  too,  by  the 
same  mechanism.  We  obtain  an  intense  electrodeless , 
non- thermal  rf-plasma.  The  beam  extraction  is  ac- 
xnplished  by-the  conventional  accel-decel-technique. 

2.3  Block  Diagram:  Fig.  3  shows  the  block  diagram 

Df  the  power  supply  of  RIG  10.  The  rf-generator  con- 
sists  of  an  rf-driver  stage  and  an  air  cooled  rf- 
airplifier.  It  can  be  tuned  frcm  1  MHz  to  30  MHz. 


The  maxiittum  rf-power  is  1.2  kw.  The  currents  to  the 
extraction  électrodes  and  the  retum  current  are 
registered.  -  Double  probes  are  introduced  from  the 
downstream  side  of  the  beam  into  the  plasma  in  the 
level  of  the  first  extraction  grid  for  measuring  the 
plasttia  parameters  in  dépendance  of  the  radial  po- 
sition. The  discharge  pressure,  the  rf-power  ,  and 
the  rf-frequency  are  varied. 

3.  ION  CURRENT  DENSITY  PROFILES  (Expérimental  Results) 

3.1  Pressure  Dependancy:  In  Fig.  4  you  see  typical 
ion  beam  density  profiles.  ■  The  profiles  are  rotation- 
ary  syrametrical  to  the  axis  of  the  plasma  source. 
The  ion  beam  density  increases  with  increasing  dis- 
charge pressure2(broken  curves) .  It  reaches  a  maxi- 
mum of  55  ma/ an    at  a  discharge  pressure  of  13  tibar; 
then  the  curves  for  the  current  densities  (solid 
lines)  decrease.  In  the  shape  the  radial  profiles 
are  very  similar.  They  show  a  plateau,  and  shift 
only  in  the  intensity  (Fig.  4).  For  application  (1) 
we  allow  a  decrease  in  the  beam  plateau  of  5%.  Near 
the  walls,  lower  intensities  must  be  cut-off .  For 
the  highest,  the  13  ubar-curve  of  Fig.  4  the  area 
usable  for  extraction  extends  out  to  a  distance  of 
1.5  cm  to  the  wall .  This  is  a  very  good  resuit  - 
also  CCTtpared  with  other  sources.  The  ion  beam  of 
RIG  10  has,  therefore,  a  usable  diameter  of  7  cm. 

3.2  Plasma  Density  and  Electron  Tettperature:  The  ra- 
dial distribution  of  the  plasma  density  (Fig.  5: 
broken  curve)  shows  a  similar  shape  as  the  ion  cur- 
rent densitY^profile.  The  plateau-value  amounts  to 
2-10     cm    .  -  The  électron  température  (Fig.  5: 
solid  curve)  is  highest  near  the  chamber  walls, 
about  80,000  K.  It  drops  to  60,000  K  at  the  axis. 
This  can  be  easily  interpreted  by  the  tnode  of  work- 
ing of  the  rf-plasma  source  (skin-èffect) . 

3.3  Power  Dependancy:  At  a  fixed  discharge  pressure 
of  13  iibar  the  ion  current  profiles  for  différent 
rf-generator  power  values  are  plotted  in  Fig.  6.  The 
current  intensity  increases  almost  linear  with  the 
rf-power  and  reaches  an  ion  current  density  of 

55  ma/cm    at  1000  W. 

3.4  Generator  Frequency:  The  influence  of  the  rf- 
generator  frequency  on  the  beam  profile  is  relative- 
ly  small.  If  we  increase  the  rf-frequency  from 

1  to  7  MHz,  t^e  beam  current  density  changes  only 
about  2  ma/cm  .  Hcwever,  the  opération  was  restrict- 
ed  to  this  small  range  of  variation,  because  of 
ignition  problems  at  higher  and  lower  frequencies. 
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Fig.  1  :  Définition  of  the  cortço- 
nents  of  RIG  10 


Fig.  2:  Principle  of  rf -discharge 
(9  électron,  O  neutral  atcm) 


Fig.  3:  Blockdiagram  of  the  power 
supply  of  RIG  10 


RADIAL  POSITION  [cm] 


Ion  beam  density  profile 
as  fonction  of  the  radial 
position  in  the  ion  source. 
Discharge  power:  1000  w 


RADIAL  POSITION  [cm] 


Fig.  5:  Radial  profile  of  the 

électron  température  and 
the  ion  density 
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4.  CONCLUSION:  In  conclusion  we  will  summarize  the 
main  results: 

1 .  The  plasma  purity  can  be  improved ,  because  the 
rf-plasma  source  uses  no  filaments. 

2.  The  proton  fraction  in  the  beam  is  high  as  the 
discharge  chamber  is  made  of  quartz. 

3.  The  ion  density  plateau  extends  out  to  a  distance 
of  1.5  cm  to  the  plasma  chamber  walls. 

4.  The  rf-plasma  source  delivers  a  total  ion  beam 
current  of  1  amp  at  an  rf-discharge  power  of  1  kw. 
The  current  density  amounts  to  55  ma/cm  . 

Investigations  at  higher  discharge  (20  kw)  are  run- 
ning,  current  densities  of  200  to  250  ma/cm  will  be 
realized  in  near  future. 
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SURFACE  PLASMA  SOURCE  CF  HYDROGEN  ATOMS  WITH  AN  ENERGY  OF  HUNDREDS  eV 
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1.  The  efficiency  of  accelerated  partia- 
le beam  production  with  the  help  of  the 
well  developed  electrostatic  beam-forming 
Systems  decreases  signif icantly  when  accel- 
erating  -voltage  decreases  below  one  kilo- 
volt  /I/.  In  order  to  produce  intense 
beams  of  accelerated  partir" es  with  an  en- 
ergy  of  hundreds  eV,  whichare  necessary 
for  many  applications,  one  can  use  the 
surface  plasma  method  developed  for  pro- 
duction of  négative  ions  /2/.  Négative 
ions  are  formed  in  surface  plasma  sources 
on  the  bombarded  surface  of  électrodes 
with  a  minimized  work  function  due  to  the 
capture  of  électrons  from  the  électrodes 
at  the  électron  affinity  level  of  the 
sputtered  and  reflected  particles.  Thèse 
ions  are  accelerated  by  the  near-electrode 
voltage  drop  accelerating  positive  ions 
from  the  discharge  plasma  to  the  électro- 
de. In  the  négative  ion  sources  the  signi- 
ficant  share  of  négative  ions  is  destroyed 
during  their  moveraent  through  plasma  and 
transformed  to  the  directed  flux  of  atoms 
with  an  energy  of  hundreds  eV.  One  may  de- 
stroy  ail  accelerated  négative  ions  by  in- 
tenaifying  the  destruction  of  them,  due  to 
thickening  of  the  plasma  and  gas  gap,  and 

obtain  atom  fluxes  with  an  émission  densi- 
2 

ty  of  several  ampers  per  cm  . 

2.  To  produce  accelerated  atom  flux- 


es, there  were  used  the  surface  plasma 
sources  with  planotron  configuration  of 
électrodes  described  in  détail  in  /3/with 
a  1  X  10  mm^  émission  slit  and  without 
extraction  System.  The  source  worked  in 
a  puise  mode  with  half-sinusoidal  puises 
of  current  up  to  50  A,  puise  durât ion  up 
to  3  msec  and  répétition  frequency  up  to 
10  Hz.  The  fluxes  of  accelerated. atoms 
and  flux  density  distributions  were  de- 
tected  by  the  secondary  émission  detector 
(SED)  and  by  the  puise  bolometer  with  the 
System  of  grids  to  remove  charged  partic- 
les. The  bolometer  used  is  analogous  to 
that  described  in  /4/:  radiation  of  a 
foil  preliminary  heated  up  to  10-^°K  is  de- 
tected  by  a  photodiode;  the  puise  heating 
of  a  foil  by  an  atom  flux  leads  to  an  in- 
crease  of  radiation.   (  Prelijninary  heating 
is  introduced  to  shift  the  spectra  of  pui- 
se radiation  to  the  sensitive  région  of 
photodiode.)  Bolometer  sensitivity  was 
1  mA  per  joui. 

3.  .'/hen  feeding  the  source  with  cé- 
sium the  discharge  voltage  decreases  from 
600+400  V  to  100+150  V  and  the  3K1)  and 
bolometer  signais  are  sharply  increased. 
The  flux  density  distributions  detected 
by  the  SED  and  the  bolometer  were  the  sa- 
me. 

The  Kmn  divergence     is  +10".  The  flux 
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émission  density  is  1  A/cm^  at  a  5  A/cm^ 
discharge  current  density  (discharge  cur- 
rent  is  18  A).  The  discharge  current  de- 
pendence  is  linear  when  discharge  voltage 
is  fixed. 

Additional  experiments  have  shown 
that  the  fraction  of  discharge  radiation 
to  the  SER  and  bolometer  signais  was  less 
than  10%:  the  signais  decreased  10+30- 
fold  when  we  changed  hydrogen  to  hélium, 
removed  the  central  cathode  plate  (Penn- 
ing  discharge),  and  closed  the  entrance 
hole  of  bolometer  by  LiF  glass  with  a  70% 
transparency  at  a  wavelength  of  1200  R, 

Prom  the  90°  beam  deflection  in  flat 
capacitor  there  were  found  the  energy  spe- 
ctre of  négative  ions  produced  due  to  the 
charge  exchange  of  accelerated  atoms  on  a 
gas,  outcoming  from  the  source  and  on  a 
spécial  césium  target.   (Négative  ions 
from  the  source  are  deflected  by  a  magnet- 
ic  field  and  not  detected.) 

The  spectra  obtained  are  identical 
to  the  high-energy  part  of  spectra  of  né- 
gative ions  extrac ted  from  planotron 
sources  /5/:  when  discharge  voltage  is 
130  Y,  there  were  detected  the  partiales 
with  an  energy  of  90-f300  eV  and  with  ma- 
ximum of  spectrum  at  160  eV;  when  dischar- 
ge voltage  was  300  eV,  detected  partiales 
hadan  energy  of  200+500  eV  with  maximum 
of  spectrum  at  330  eV. 
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/5/  Yu.I.Bel 'chenko,  G.I.Dimov,  V.G.Dud- 
nikov,  Izvestia  AIT  SSSR,  Ser.  Piz., 
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The  plasma  pénétration  out  of  the 

constricted  discharge  into  the  expender 
is  used  for  creating  the  plasma  cathodes 

for  getting  the  broad  électron  beams 

Such  method  of  foiming  the  émission  suj>- 

face  pemits  keeping  the  low  pressure  in 

the  accelerating  spacing  of  the  diode 

with  the  plasma  emitter,  securing  its 

high  electric  strength  but  leads  to  the 

great  oscillation  of  the  diode  électron 

current  whose  part  doesn't  exceed  50-40 

p.c»  of  the  discharge  current. 

In  the  présent  work  there  has  been 
described  the  électrode  system  and  the 
conditions  of  buming  the  discharge  with 
the  large  cross-section  anodic  plasma 
which  can  be  used  as  plasma  emitter  of 
électrons  free  of  the  above-mentioned 
drawbacks . 

The  expérimental  schoae  is  shown 
in  Fig.1 .  The  électrode  system  contains 
the  rectangular  Penning  cell  foimed  by  the 
cold  magnésium  cathodes  1  and  the  anode 
2  with  the  constricted  hole  by  1  mm  dia- 
meter.  The  magnetic  field  foimed  between 
the  cathodes  by  the  peimanent  magnet  is 
strained  by  the  f erromagnetic  insert  in 
the  région  of  the  constricted  hole,  The 
second  constricted  électrode  5  is  made 


Fig.1. 


Diagram  of  the  expérimental 
arrangement . 


as  a  hollow  cylinder  with  the  diameter 

200  mm  and  depth  100  mm,  in  the  bottom 

of  which,  reversed  to  the  anode  2,  there 

is  the  constricted  hole  1  mm  coaxial  with 

the  first  hole.  The  space  between  the 

constricted  électrodes  2  and  5  is  0,6  mm. 

The  rectangular  électrode  4  is  the  main 

anode  of  the  discharge  chamber.  The 

working  gas  is  being  tnjected  into  the 

cathode  spacing,  Thefeby    thanks  to  the 

little  capacity  of  the  constricted  holes 

by  the  gas  consomption  20-50  cmVh,  the 

pressure  in  the  Penning  cell  was  10~^ 

torr  and  in  the  électrode  cavity  5i  it 
— 4 

doesn't  exceed  10  torr. 

The  artificial  line  5  forming  the 
impulses  with  the  duration  70 jUs 
through  résistance       is  connected  bet- 
ween the  cathodes  and  the  constricted 
électrode  3«  The  positive  voltage  2000  V 
is  applied  at  the  anode  of  the  Penning 
cell  through  the  résistance  limiting 
the  current  to  lOOyUA,  The  grid  anode  is 
connected  to  the  source  of  the  direct 
voltage  5.  The  currents  are  measured  by 
Rogovski  belts  7-9. 

The  ignition  of  discharge  with  two 
constricted  channels  is  initiated  by  the 
Penning  discharge  which  due  to  the  limit- 
ing of  the  current  by  the  résistance  and 
owing  to  the  positive  potential  of  the 
near  placed  électrode  3  is  throun  over 
this  électrode.  As  a  resuit  there  is  ex- 
cited  a  known  arc  constricted  discharge 
with  a  cold  cathode  in  a  magnetic  field 
/2/,  which  is  used  in  the  plasma  électron 
sources  /5/ « 

The  ignition  voltage  of  such  a  dis- 
charge  is  1-1,5  kV  and  the  buming  volta- 
ge is  50-150  V,  Through  the  hole  in  this 
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électrode  5  in  the  space  between  this 
électrode  and  the  grid  anode,  out  of  the 
discharge  it  appears  plasma  and  électron 
stream  accelerated  in  the  double  layer 
which  is  fomed  on  the  cathode  side  of 
the  constricted  ho le  in  the  électrode  2. 
At  low  potentials  the  grid  anode  opérâtes 
as  the  probe  with  the  current  which  com- 
poses 10-40  p.c.  of  the  cathode  current 
Ij^  and  has  high  frequency  modulation. 
However,  while  rising  the  potentiel 
of  the  grid  anode  by  the  definite  relati- 
ons between  this  potential,  current  and 
pressure,  the  gas  ionization  in  the  éle- 
ctrode cavity  5,  leads  to  the  breakdown 
of  the  space  between  the  plasma  and  the 
grid  anode.  Thus,  the  discharge  constric- 
ted by  the  channels  in  the  électrodes  2 
and  5  is  ignited  on  the  grid  anode.  At 
the  above  indicated  gas  consumption  the 
discharge  ignition  takes  place  at 

=  180  V  and  Ij^.  =  15  A.  By  this  the 
current  polarity  in  the  circuit  of  the 
électrode  5  changes,  the  grid  anode  cur- 
rent rises  up  to  the  value  near  the  ca- 
thode current  and  the  current  oscillations 
vanish.  The  cathode  current  oscillogram, 
the  oscillograms  of  the  corresponding 
current  in  the  grid  anode  at  two  values 
of  potential       and  the  oscillogram  of 
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Pig. 2. Oscillogram  of  the  currents 
1-cathode  current,  2-grid  anode  current 
(Ug=100  V),  5-grid  anode  current  (Ug=200V) 

4-electrode  (5)  current. 


the  current  in  the  circuit  of  the  élect- 
rode 5  are  shown  in  I'ig,2.  The  current 
increase  of  the  grid  anode  af ter  the  dis- 
charge ignition  and  the  correspondence 
decrease  of  the  électrode  5  current  are 
conditioned  by  the  potential  redistribu- 
tion in  the  discharge,  therein,  as  the 
probe  measurements  showed,  the  space  be- 
tween the  électrode  3  aod  the  grid  anode 
is  found  to  be  filled  in  the  plasma  having 
the  potential  near  the  grid  anode  poten- 
tial. 

The  characteristic  peculiarity  of 
the  discharge  with  two  constricted  chan- 
nels and  the  anode  part  being  at  low 
pressure  is  a  large  cross-section  of  the 
anode  part  with  the  relatively  uniform 
distribution  of  density  of  the  anode 
current.  The  buming  voltage  of  such  a 
discharge  in  the  experiments  didn't  ex- 
ceed  300  V  but  the  current  arrived  at 
30  A. 

The  examined  discharge  was  used  as 
an  emitter  for  getting  the  broad  élect- 
ron beam.  For  this  purpose  the  accélérât- 
ing  électrode  was  placed  behind  the  grid 
anode  with  cells  1,6  x  1,6  mm^  at  a  dis- 
tance of  15  cm.  The  électron  beam  with 
the  cross-section  of  300  cm^  and  the 
current  of  15  A  was  obtained  at  the  acce- 
lerating  voltage  of  250  kV  at  the  pressu- 
re of  10~^  torr  and  the  discharge  current 
of  16  A. 
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Abstract 

Précise  laser  initiation  of  the  breakdown  in  a 
puise  charged  gas  switch  is  described.    A  novel 
feature  is  the  transport  of  the  40  ns  triggering 
laser  puise  through  a  1.5  m  long  1  mm  diameter  op- 
tical  fiber.    Optimization  of  gas  breakdown  charac- 
teristics  was  necessary  as  a  resuit  of  the  limited 
power  transported  through  the  fiber.    Low,  nanose- 
cond  delay  and  jitter  were  achieved  at  reduced 
fields  approaching  180  V/cm-Torr  in  the  overvolted 
gas  gap  through  the  use  of  90%  argon/10%  nitrogen 
gas  mixtures.    The  influence  of  laser  power,  gas 
mixture,  focal  point  location,  pressure,  time  of 
laser  insertion  etc.  on  switch  performance  is 
presented. 


Laser  triggered  switching  of  high  voltage 
spark  gaps  was  first  demonstrated  more  than  a  dé- 
cade ago  by  Guenther  and  Griffin  and  has  since  been 
1  2 

the  subject  of  many  investigations    '  .    The  prin- 
cipal advantages  of  this  type  of  triggering  are 
electrical  isolation  of  the  trigger  from  high  volt- 
ages, contrôlable  switching  delay,  and  subnano- 
second  jitter.    On  the  other  hand,  optical  access 
to  the  gap  must  be  available,  usually  through  occa- 
sionally  complex  System  design,  and  care  taken  to 
avoid  misai ignment  or  environmental  dégradation  of 
optical  éléments. 

To  reduce  greatly  the  above  complexity,  a 
novel  laser  triggered  spark  gap  has  been  construct- 
ed  featuring  the  use  of  an  optical  fiber  to  trans- 
port the  laser  light  along  a  circuitous  route  to 
the  gap.    Problems  of  optical  al ignment  and  the  in- 
fluence of  the  environment  are  ail  but  eliminated. 
In  addition,  the  use  of  multiple  fibers  illuminated 
by  the  same  laser  to  trigger  several  gaps  synchro- 
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nously,  or  to  initiate  several  parallel  arc  chan- 
nels  simul taneously,  appears  to  be  trivial  exten- 
sions of  the  technique. 

The  spark  gap  employed  is  a  modified  electri- 
cally  triggered  gap  normal ly  used  to  switch  a 
water  dielectric  Blumlein  line  producing  a  40  ns 
output  puise.    The  Blumlein  is  puise  charged  by  a 
Marx  generator  with  a  250  ns  érection  time.  The 
maximum  voltage  and  energy  are  250  kV  and  about 
1  kJ.    The  laser  beam  is  introduced  coaxially 
through  a  6  mm  aperture  in  the  grounded  cathode 
and  focused  1  mm  inside  the  surface  of  the  charged 
machinable  tungsten  anode.    A  schematic  of  the 
optical  System  is  shown  in  Fig.  1.    The  lenses  are 
U-V  grade  quartz  and  the  1.5  m  long  fiber  is  a 
1  mm  dia.  single  quartz  élément. 

Measurements  with  an  integrating  energy  meter 
indicate  a  25%  throughput  efficiency  in  bringing 
the  laser  light  into  the  gap.  The  maximum  allow- 
able  laser  power  is  determined  by  the  permissable 
power  density  which  does  not  cause  damage  to  the 
entrance  surface  of  the  quartz  fiber.  This  ap- 
pears to  be  >  5  X  10^  W/cm^. 

The  conditions  for  switching  gas  filled  spark 
gaps  with  short  delay  and  subnanosecond  jitter 
are  reviewed  in  references'l  and  2.    The  gas  used 
should  have  a  large  secondary  électron  coeffi- 
cient, the  switch  should  be  triggered  at  a  large 
fraction  of  the  self-breakdown  voltage,  the  laser 
puise  should  be  longer  than  the  switching  delay, 
and  the  laser  power  should  usually  be  greater  than 
~  6  MW  for  DC  charged  gaps. 

Since  our  study  indicates  an  efficiency  of  ~ 
25%  in  the  overall  optical  System  from  laser  out- 
put to  entrance  into  the  spark  gap  the  require- 
ment  of  6  MW  of  laser  power  in  the  gap  implies 
a  rather  modest  imput  laser  power  of  24  MW.  The 

intensity  at  the  input  surface  of  the  optical 
g  2 

fiber  is  then  about  3  x  10  w/cm  which  is  below 
the  estimated  threshhold  for  surface  damage.  No 
surface  damage  has  been  observed  at  the  fiber  at 
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this  intensity,  although  higher  intensities  have 
produced  cracks  and  internai  damage.    The  effici- 
ency  of  the  optical  System  is  limited  by  insuffi- 
cient  collection, reflection  at  the  surfaces  of 
lenses,  atténuation  in  the  fiber  due  to  absorption 
and  scattering,  and  the  spreading  introduced  as  the 
bean  passes  through  the  fiber.    The  beam  émerges 
from  the  1  mm  quartz  fiber  with  a  60  degree  full- 
angle  divergence  at  the  e"^  points.    To  render  this 
beam  parallel  would  require  an  f/1  lens  but  as  a 
practical  compromise  an  f/3  lens  is  used  in  this 
System, thus  lowering  the  efficiency.    Another  com- 
promise is  necessary  when  focusing  the  beam  onto 
the  anode  through  a  hole  in  the  cathode.    As  the 
entrance  aoerture  in  the  cathode  is  made  larger  to 
accomodate  a  faster  optical  System  the  electric 
field  in  the  gap  becomes  increasingly  lon-uniforn. 
This  System  has  a  6  mm  aperture  in  the  10  cm  dia- 
meter  cathode  and  a  f/3  lens  is  used  in  this  case, 
as  well.    In  an  effort  to  improve  the  over-all 
throughput  efficiency,  the  use  of  a  fiber  which  in- 
troduces  less  divergence  is  being  explored  together 
with  the  use  of  anti -reflection  coated  optics.  Re- 
sults  using  a  0.4  mm  dia.  fiber  which  produces  an 
output  full  angle  of  <  20  degrees  will  be  presented. 

The  use  of  the  optical  fiber  to  transport  the 
laser  light  makes  simultaneous  triggering  of  many 
spark  gaps  more  attractive  because  it  éliminâtes 
most  of  the  optical  alignment  problems  associated 
with  transport  of  the  laser  beam  and  greatly  re- 
duces the  cost.    Environmental  problems  with  the 
optics  and  personnel  safety  problems  are  also 
alleviated.    However,  if  many  fibers  are  to  be 
illuminated  with  the  same  laser  the  power  renuir- 
ed  could  become  quité  large.    Therefore,  the 
optimization  of  gas  breakdown  conditions  to  min- 
imize  the  required  laser  oower  is  of  great  import. 
Typical  switch  conditions  employed  during  this 
study  were  as  follows:    1  cm  gap  spacing;  gas  pres- 
sure   -  686  Torr;  gas  mixture,  90%  Ar-10%  gap 
nuise  charged  to  voltages  <  120  kV;  laser  puise 
length  of  30-40  ns;  and  a  laser  power  in  the  gap 
of  0.5-6  MW.    Gas  breakdown  is  produced  in  the 
overvoltaaed  gap  while  it  is  being  charged  by  the 
Marx  bank  by  firing  the  laser  at  an  appropriate 
time  after  initiating  érection  of  the  Marx.  With 
a  laser  power  of  only  2  MU  in  the  gap  we  have  ob- 
served  nanosecond  jitter  and  switching  delay  as 
short  as  10  ns.    (The  reason  for  the  good  perfor- 
mance at  this  low  laser  power  is  that  the  gap  is 


puise  charged  and  overvolted  compared  to  the  DC 
breakdown  voltage.^)  Results  as  a  function  of  laser 
power  will  be  presented.    The  effects  of  changing 
the  gas  pressure  and  the  gas  mixture  to  50%  Ar  - 
50%      will  be  discussed.    The  sensitivity  of  the 
triggering  of  the  gap  to  the  position  of  the  focal 
point  of  the  laser  will  also  be  reported. 

Time  intégra ted  photographs  of  the  gas  break- 
down show  both  single  channel  and  multichannel 
modes  depending  on  the  condition  of  opération. 
Streak  caméra  photographs  of  the  breakdown  will 
also  be  shown. 
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Fig.  1.    Schematic  Diagram  of  Laser/Fiber 
Optic  Triggered  High  Voltage 
Switch  Assembly. 
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Recently  great  interest  has  been 
revealed  in  electrical    explosion  of 
foils  due  to  wide  possibilities  of  its 
practical  application.  Thèse  possibilit- 
ies range  from  foil  current  breakers,  in 
which  précautions  are  taken  to  suppress 
shunting  discharge   [l-3],  to  electric 
discharge  light  sources  [4-7j ,  in  which 
exploding  foils  initiate  and  form  high- 
current  dis charge. 

The  présent  report  gives  the  invest- 
igation results  of  electrical  explosion 
of  cylindrical  foils  in  air  and  explos- 
ion-initiated  high-current  discharge. 
The  expérimenta  were  carried  out  in  two 
régimes  : 

a)  the  exploded  foil  cylinder  waa  an 
internai  current-carrying  conductor  of 
the  coaxial  System  (geometry  of  self- 
nressed  discharge); 

b)  the  cylinder  was  an  external 
current-carrying  conductor  of  the 
coaxial  aystem  (geometry  of  expanding 
discharge).  In  the  experiments  the 
aluminium  foil  cylinders,  mounted  on  an 
insulating  rod,  were  exploded.  The  cy- 
linder length  and  perimeter  ( ^  =  550  mm, 
b  =150  mm)  remained  constant,     only  the 
foil  thickness  varied  {h  =  6,10,20, 
50/tm).  The  experiments  were  carried 
out  at  a  capacitor  bank  charge  voltage 

Uo  =  35  kV  which  corresponded  to  a 
stored  energy  Wo  =  180  kJ. 

In  our  experiments  besides  of  the 
Rogovsky  loop  for  meaauring  discharge 
current  and  the  voltage  divider  on 
discharge  gap  for  recording  its  ohmic 
component,  niimber  of  diagnostics  for 
studying  the  high-current  discharge 
properties  have  been  applied.  They 
included  high-speed  photography  of 
discharge,  recording  of  plasma  omission 


spectrum,  measurements  of  its  brightness 
température    T  at  various  wave  lengths, 
probe  measurements  of  plasma  magnetic 
fields  and  calorimetric  measurements  of 
radiation  energy. 

The  expérimental  set-up  and  diagnostic 
methods  are  described  in  détail  elsewhere 
[3.4] . 

As  earlier  study  on  electrical 
explosion  of  foils  in  self-pressed 
discharge  geometry  showed  [3-5j ,  electrio 
discharge  plasma  radiation  in  the  région 
of  wave  lengths  A    =  270+500  nm  approach- 
63  black  body  radiation.  Maximum 
brightness  température  of  plasma  and 
rate  of  its  radial  expanding  do  not 
dépend  on  the  mass  of  exploding  foils 
(  T  -  2.5  eV,     u  =  1 .5  *  3  km/s). 

At  the  same  time  the  change  in  foil 
thickness  in  this  range  leads  to  the 
significant  change  in  T(t)  dependence. 
With  the  "thin"  foils  which  serve  only 
to  initiate  the  discharge,  plasma 
achieves  T^^^^^  in  a  time  equal  roughly  a 
quarter  of  the  discharge  circuit  natural 
period.  With  the  "thick  foils"  which 
serve  also  as  commutators  to  switch  the 
current  into  gas  discharge,  effect  of 
"sharpening"  of  plasma  radiation  puise 
is  observed. 

In  fig. 1a,b    the  results  of  measure- 
ments at  the  investigation  of  exploding 
foils  in  the  expanding  discharge  geometry 
are  given.  The  upper  parts  of  fig.1 
show  initial  curves-discharge  current 
I(t)  and  voltage  at  a  discharge  gapC(t). 
Absolute  and  relative  résistance  curves 
R(t),  R/Rq,  where  R^  is  the  initial 
résistance  of  the  foil  cylinder;  curves 
of  total  electric  power  P=  U'I    and  power 
P-P/rrio       P®^  unit  of  the  foil  mass; 
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curves  of  energy         (t)  'fPdt 
deposited  to  the  instant    L>  and  energy 
per  unit  of  the  f oil  mass   U)  =  \^ , 
thèse  curves  are  calculated. 

The  bottom  parts  of  f ig. 1  ahows 
temporal  dépendances  of  radii    r  and 
for  the  plasma  luminous  column  and  secon- 
dary  shock  wave,  and  of  brightness  tem- 
pérature T  measured  at  various  wave 
lengths. 


At  the  explosion  of  thicker  foils 
(Pig.lb)  the  intensively  radiating 
plasma  remains  in  the  dielectric  rod 
région  as  with  self-pressed  discharge. 
In  contrast,  with  the  thinner  exploding 
foils  (Pig.la)  electric-discharge  plasma, 
affected  by  the  magnetic  fleld  pressure, 
départs  from  the  rod  and  shock  front 
(  Us  =  2  km/c)  do es  not  practically  break 
away  from  the  plasma  contact  surface. 
Earlier  probe  measurements  showed  that 
at  the  plasma  front  an  additional 
current  layer  is  formed,  in  which  the 
current  is  pumped  from  the  main  layer 
[6J. 

As  for  the  behaviour  oî  T  ^  ±n  the 
thin  foil  régime  quasistationary  phase 
with  roughly  constant  température  during 
~40  ^s  at  rise-time  of  ~  2 occurs. 
Such  a  phase  does  not  exist  at  the 
explosion  of  thicker  foils,  and  in  this 
case  equilibrium  radiation  in  the  short- 
wave  région  is  violated. 
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a  b 

Pig. 1 . 

h  (/m)   :  a  -  6,  b  -  20 
A  (nm)   :  1  -  490,  2  -  365,  3  -  280, 
4  -  265 

Ail  regularities  earlier  observed  in 
the  investigations  of  electrical  pro- 
perties  of  exploding  foils  in  self- 
pressed  discharge  geometry  [3,4],  are 
also  valid  with  exploding  foils  in 
expanding  dis charge  geometry.  The 
largest  changes  were  observed  in  the 
character  of  plasma  column  expanding 
and  in  the  temporal  behaviour  of  Its 
brightness  température. 
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Rotating  plasmas  are  often  studied  for  séparation 
of  species  of  différent  mass  [1,2].  If  in  a  cylin- 
drical  System  with  an  axial  magnetic  field  a  current 
it-like  cathode  (on  axis)  and 
le  radial  component  of  the 
together  with  the  magnetic  field 
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In  this  paper  measurements  are  given  on  a  stat 
rotating  plasma  with  a  low  degree  of  ionizatio 
(~  2%).  The  values  of  the  rotational  velocity 
neutrals  are  compared  with  values  calculated  f 
single  fluid  M.H.D.  theory  used  by  Kluber  [3] 
Wilhelm  and  Hong  [4],  which 
rimental  arrangement 


ded 
The  mi 
ling 


our  theoretical  calculations 
isurements  were  done  in  argon  ' 
ressures  of  1   to  10  torr. 


Apparatus 

The  main  différence  between  the  présent  experiment 
(diameter  2R=12  cm,  length  L  about  50  cm)  and  other 
rotating  plasma  experiments  is  that  two  cathode- 
anode  configurations  which  face  each  other  are  used 
(fig.l).  Calculations  show  that  in  this  case  the 
axial  derivatives  of  the  rotational  velocity  and  the 
plasma  potential  are  small  in  the  volume  between  the 
two  anodes  [6].  The  cylinder  wall  contains  24  elec- 
trically  insulated  stainless  steel  rings  (2cmthick). 
Two  of  thèse  rings  serve  as  anodes.  Between  the  two 
anodes  diagnostic  ports  are  installed  which  allow 
optical  and  probe  measurements  in  the  symmetry  plane 
of  the  experiment. 

The  rotational  velocity  and  heavy  particle  tempéra- 
ture are  determined  from  the  Doppler  shift  and  width 
of  plasma  spectral  lines.  The  plasma  density  is  de- 
termined by  adding  a  small  amount  of  hydrogen  to  the 
dis.charge  and  measuring  the  H6  Stark  broadening.  The 
pressure  distribution  and  the  séparation  of  species 
of  différent  mass  are  measured  by  means  of  calibra - 
ted  pressure  probes  which  are  designed  such  that 
only  static  pressures  are  measured. 

Theory 

In  the  magneto-gasdynamic  approximation  the  équation 
of  conservation  of  electric  charge  density  (V.!ï=0) 
and  the  Navier-Stokes  équation,  both  combined  with 
:ise  to  the  following 


the  generalized  Ohm' s  law  give  ris( 
set  of  équations: 


in  which  ij)  and  v    are  the  potential  and  the  azimu- 
thal velocity,  B  the  magnetic  field,  \i  the  coè'ffi- 
cient  of  viscosity  and  a  and        the  electrical  con- 
ductivities  parallel  and  perpendicular  to  B,  res- 
pectively.  The  plasma  is  assumed  to  be  homogeneous 
with  respect  to  a,Oj_  and  y.  Thèse  two  relations 
fully  détermine  the  rotational  velocity  Vg  and  the 
potential  6  as  a  function  of  r  and  z.  Secundary 
flows  are  neglected  and  vg  is  assuméd  to  be  zéro  on 
the  walls.  Wilhelm  and  Hong  [4]showed  that  the  solu- 
tions for  Vg  and  ^  can  be  expressed  in  terms  of  the 
Hartmann  number  Hj_  =  (Oj^/)j)5  BR  and  the  Hall  para- 
meter  B-  In  that  case  only  électron  conductivity 
was  taken  into  account  and  consequently  the  Hall 
parameter  was  the  électron  Hall  parameter  Bg.  In  our 
expérimental  situation,  however  it  is  shown  that 
the  ion-Hall  parameter  Bj^  is  of  the  order  unity 
which  means  that  the  ion  conduction  has  to  be  inclu- 
ded.  For  that  case  Mitchner  and  Kruger  [5]  give  the 
following  expression  for  O) : 
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radial  positions  at  a  filling  pressure  of 
1   torr,  magnetic  field  strength  of  0.13  T  and  an 
electrical  current  of  100  A.  The  maximum  value  is 
about  700  m/sec;  it  lies  about  3.5  cm  outside  the 
centre  of  the  column.  The  theoretical  curves  are 
obtained  as  follows:  For  the  coefficient  of  visco- 
sity p,  the  value  1.14*10"'  kg  m"  '  sec"  '    given  by 
Dymond  [7]  for  neutrals  at  an  average  température 
of  2900  K  is  used.  In  our  situation  for  the  parallel 
conductivity  o  the  Spitzer  conductivity  (which  only 
dépends  on  the  elctron  température)  can  be  taken. 
The  électron  température  is  measured  in  two  ways : 
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It  is  deterained  from  the  line  intensity  ratios  of 
neutral  spectral  lines  (Boltzmann  plot) .  This  gives 
a  value  of  0.7  +  0.2  eV,  nearly  constant  with  radius 
This  value  is  probably  too  low  [8].  Besides  that, 
two  cm  from  the  wall  the  électron  température  is 
also  determined  by  means  of  a  double  probe.  This 
yields  a  température  of  1.0  +  0.2  eV.  Once  the  quan- 
tifies y,I,B,a  and  Beff  are  known  one  of  the  out- 
puts  of  the  calculations  is  the  anode  cathode  vol- 
tage,    Feeding  in  the  expérimental  anode-cathode 
voltage  (=18±2V,  corrected  for  the  cathode  and 
anode  falls),  together  with  y,I,B  and  o  gives  a  va- 
lue for  ggff.  For  Te=l .0  eV  this  yields  Bgff  =  3. 
Because  we  do  not  know  to  what  extcnt  this  T  is 
characteristic  for  the  whole  vesse] ,  and  becluse 
usually  the  électron  température  of  such  discharges 
is  higher  [8]  we  also  applied  a  value  Tg=2.5  eV, 
yielding  Bgff  =  9.  Note  that  the  différences  in  fig. 
2  for  thèse  two  cases  (Tg=l  eV;6gff=3  and  Te=2.5  eV; 
Beff=9)  are  small.  In  fig.   3  the  measured  plasma 
potentials  are  given  together  with  the  calculated 


agreementbetween  theory  and  experiment  for  the 
velocity  as  well  as  the  potential. 
The  pressure  enhancement  from  the  centre  of  the  col  t 
to  the  wall  for  the  conditions  mentioned  in  fig. 
is  approximately  a  factor  2.5.  This  rather  low 
value  is  probably  caused  by  the  high  h( 
températures.  In  the  centre  a  tempérât 


1300  K  is  measured.  This  tempera 
the  magnetic  field  strength;  the  ratio 
mains  approximately  constant.  This  latt 
an  important  quantity  for  the  radial  pr 


vy  particle 
e  of  5900± 
reases  with 
mv§/kT  ré- 


tribution and  hence  for  the  mass  séparation.  In  a 
discharge  in  which  equal  amounts  of  Ar  and  Xe  are 
présent  a  maximum  relative  séparation  factor  of  2.2 
is  found  [6]. 

The  velocity  of  the  neutral  particles  increases  line 
arly  with  the  electrical  current  and  the  magnetic 
field  strength.  The  neutral  Xe  atoms  in  a  pure  Xe  dis- 
charge have  about  a  factor  1.5-1.8  lower  velocity 
than  the  neutral  Ar  atoms  in  an  Ar  discharge.  This 
means  that  jmvg  is  approximately  constant  in  thèse 
cases . 

In  a  forthcoming  paper  we  will  treat  this  more  tho- 
roughly  [9].  At  higher  filling  pressures  the  velo 
ty  of  neutrals  decreases  (fig. 4).  At  pressures  of  10. 
torr  for  Ar  and  4  torr  for  Xe  the  originally  rather  ■ 


'il 


uniform  discharge  abruptly  changes  character.  The 
rotational  velocities  drop  to  values  below  200m/sec. 
In  this  situation  practically  no  radial  pressure  in- 
hancement  is  found.  We  have  no  quantitative  explana- 
tion  for  this  phenomenon  as  yet. 
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MICROWAVE  DISCHARGE  IN  A  SUPERSONIC  FLOW 
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DFVR-Institute  fur  Technisahe  Physik,  Stuttgart, 
ABSTRACT 

The  possibility  of  effectively  ionizing 
a  supersonic  flow  by  a  strong  microwave 
field  within  a  waveguide  has  been  demon- 
strated.   Electron  densities  beyond  the  cut- 
off  have  been  achieved  at  gas  températures 
far  below  room  température.   Hence  this 
method  promises  to  be  a  good  candidate  to 
preionize  and  stabilize  supersonic,  non- 
self  sustained  laser  discharges. 

INTRODUCTION 

Laser  discharges  in  supersonic  flows 
have  to  satisfy  several  conditions:  the 
value  of  the  reduced  field  strength  (E/N) 
should  be  appropriate  for  optimum  vibra- 
tional  excitation  while  the  électron  densi- 
ty  must  be  sufficiently  high  to  allow  ef- 
fective energy  déposition  into  the  gas.  Un- 
der  thèse  conditions  one  must  avoid  having 
the  discharge  in  the  boundary  layer  and/or 
having  it  blown  downstream  by  the  super- 
sonic flow.    In  addition  the  discharge  has 
to  be  stable  and  spatially  uniform  across 
the  channel.   This  can  be  accomplished  by 
prèionizing  the  flow  with  an  e-beam^ ,   or  by 
applying  a  pulser-sustainer  discharge^. 
However,     with  both  concepts,  technological 
problems  arise,  when  one  attempts  to  obtain 
true  cw  high  power  laser  action.  Utilizing 
a  high  frequency  discharge  as  a  preioniza- 
tion  source  or  as  a  self -sustained  main 
discharge,   cw  opération  has  been  demon- 
strated"^.   In  addition  to  the  advantages  of 
the  rf  discharge,   the  use  of  microwaves  al- 
lows  one  to  establish  a  desired  field  dis- 
tribution within  the  channel.  This  contri- 
bution describes  an  experiment,  where  the 
dimensions  of  the  laser  channel  are  com- 
parable to  the  wavelength  with  metallic 
walls  forming  a  waveguide. 

EXPERIMENT 

The  expérimental  setup  is  shown  in  the 
figure.   Amplitude  stabilized  cw  microwave 
radiation  at  2.45  GHz,  with  power  up  to 
5  kW,   is  propagated  through  a  pressure  win- 
dow  along  a  rectangular  waveguide  which 


Germany . 

GAS  MICROWAVE 

INLET  PREIONIZATION         MAIN  OISCHARŒ 


SCHEMATIC  VIEW  OF  APPARATUS 

forms  both  the  plénum  chamber  and  the  con- 
vergent-divergent nozzle.   The  latter  has  an 
area  ratio  of  10.   It  merges  into  a  flow 
channel  made  of  dielectric  material  with 
flush  mounted  électrodes  for  the  main  dis- 
charge. An  optical  cavity  perpendicular  to 
the  flow  direction  is  positioned  downstream 
of  the  électrode.  The  dimensions  of  the 
waveguide  permit  the  exclusive  propagation 
of  the  basic  TE^^  mode.   This  mode 's  maxi- 
mum electric  field  strength  lies  along  the 
centerline , of  the  channel  with  no  electric 
fields  in  the  vicinity  of  the  narrow  walls 
of  the  waveguide.   Hence  there  is  no  ioniza- 
tion  in  the  boundary  layer.  As  the  pressure 
rapidly  decreases  along  the  divergent  part 
of  the  nozzle,   conditions  for  breakdown 
are  reached  and  a  plasma  with  électron  den- 
sities above  cut-off  is  formed.  Interfero- 
metric  measurements  show  a  decrease  in 
électron  density  from  10       cm      at  a  posi- 
tion 10  cm  downstream  of  the  nozzle  throat 
to  some  10^*^  cm  ^  at  20  cm  downstream  of 
the  throat.   There  the  value  of  électron 
density  is  a  function  of  the  totally  ab- 
sorbed  microwave  power.   Typical  expérimen- 
tal conditions  are:  mass  flow  m^^^  =»=  5  g/s, 
m^Q  =  5  g/s;  plénum  pressure  p^  =   1  bar; 
pressure  in  the  channel,  p   ,  depending  on 
power  input,   from  8  to  1 4  mbar;  gas  tempér- 
ature, T^,   from  60  to  120  K;   i.e.  only 
about  20  %  of  the  input  power  heats  the 
gas,  with  most  of  the  energy  appearing  in 
the  form  of  ionization,   electronic  and  vi- 
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brational  excitation.   The  theoretical  mi- 
crowave pénétration  depth  into  the  plasma 
of  several  millimeters  in  flow  direction 
was  found  to  agrée  with  E-field  measure- 
ments.   Hence  the  microwave  field  strength 
at  the  position  of  the  main  discharge,  lo- 
catêd  several  centimeters  downstream  of 
the  throat,   is  negligibly  small  while  the 
électron  density  still  remains  above 
10^°  cm  ^.   Superimposing  the  main  dis- 
charge,  the  E/N  values  vary  between 
1.75.10"''^  and  3.10"''^  V  cm^,  only  de- 
pending  upon  the  absorbed  microwave  power. 
The  power  levels  one  can  put  into  the  main 
discharge  without  arcing  are  smaller  than 
the  corresponding  microwave  power.   On  the 
other  hand  a  stable  main  discharge  cannot 
be  obtained  without  preionization.  No 
laser  action  could  be  observed  so  far.  Yet, 
one  should  take  into  considération  that 
both  the  expected  gain  would  be  low  (some 
0.1 /m)   and  the  optical  path  length  very 
short,   i.e.   in  the  order  of  only  7  cm. 
Hence,   one  can  easily  be  just  below  laser 
threshold. 

CONCLUSIONS 

It  has  been  shown  that  a  plasma  can  be 
effectively  produced  in  a  supersonic  flow 
by  means  of  microwaves.   If  the  microwaves 
are  used  for  preionization,   their  stabili- 
zing  effect  on  a  superimposed  main  dis- 
charge is  limited.   On  the  other  hand,  the 
available  energy  loading  of  up  to 
0.3  eV/CO  molécule,   together  with  the  mo- 
lecular  transit  time  of  100  ^s  through  the 
discharge  should,   in  principle,   permit  la- 
ser action. 
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INTRODUCTION 

The  présent  work  employs  the  same  apparatus 
as  that  used  earlier   [1]  -  [7]   in  d . c .  and  plasma 
oscillation  studies  of  collisionless  and  highly 
ionised  plasmas  produced  by  surface  ionisation 
inside  a  heated  cavity.     D.c.  analysis  of  the 
plasma   [1]   has  shown  that  when  a  voltage  is 
applied  between  the  électrodes  which  form  the 
cavity  a  field  free  plasma  région  is  formed 
bounded  by  a  monotonie  sheath  at  one  électrode 
and  a  double  sheath  at  the  other  électrode; 
most  of  the  applied  potential  is  dropped  across 
the  monotonie  sheath.     If  the  bias  voltage  is 
applied  as  a  voltage  step  there  will  be  an  inter- 
val  of  time  during  which  électrons  see  station- 
ary  electric  fields  while  the  ions  are  virtually 
frozen,  the  latter  responding  to  fields  after  a 
few  ion  plasma  periods.     This  time  interval  is 
investigated  here  for  the  case  when  the  un- 
perturbed  plasma  is  bounded  by  électron  rich 
sheaths:  rapidly  applied  voltages  are  then  scree- 
ned  frora  the  plasma  by  sheaths  formed  as  a 
resuit  of  électron  motion  only,  the  plasma  ions 
not  moving  appreciably  on  a  time  scale  shorter 
than  the  ion  inertial  response  time. 

EXPERIMENTS 

Production  of  the  thermally  ionised  plasma, 
mea-surement  of  its  température  and  a  d.c. 
measurement  of  its  density  have  been  described 
previously  [1],     [6].     A  caesium  plasma  is  form- 
ed in  an  annular  cavity  between  two  concentric 
tautalum  cylinders,  the  outer  one  being  heated 
hy  électron  bombardment  to  around  2200K;  see 
eg.     Ul .     The  cylinders,  which  are  in  radia- 
tive  thermal  equilibrium  with  each  other,  act 
as  électrodes  for  electrical  measurements .  One 
électrode  was  earthed  while  square  wave  voltage 
puises  were  applied  to  the  other.     A  square 
wave  with  a  rise  time  less  than  0.5  n  sec,  was 
obtained  by  discharging  a  transmission  line 
through  the  plasma,  which  acted  as  the  load; 
current  flowing  through  the  plasma  was  monitored 
using  an  inductively  coupled  measuring  circuit. 
Puise  durations  were  up  to  one  microsecond  and 
had  a  répétition  rate  of  one  kilohertz  so  that 
currents  and  voltages  could  be  displayed  on  a 
double  beam  oscilloscope.     The  ion  plasma  period 
for  the  plasmas  investigated  was  between  one 
third  and  one  microsecond. 


lysis   [1]   assumes  that  half  MaxweUian 
distributions  of  électrons  and  of  ions  are 
emitted  from  each  électrode.     The  distribution  of 
potential  between  the  électrodes  is  then  est- 
ablished  by  finding  which  of  the  many  possible 
potential  distributions  is  consistent  with  the 
half -MaxweUian  inpufs  at  the  boundaries.  foten 
tials  between  the  électrodes  for  the  case  con- 
sidered  here  of  électron  rich  sheaths  for  no 
applied  bias  and  large  bias  are  shown  in  curves 
(a)  and  (b)  respectively  in  figure  2.  The 
potential  minimum,  n,    (potential  normalised 
to  kT/e)  régulâtes      the  f low  of  currenf 
across  the  device  while  the  double  layer.drop, 
n  -rij,  adjusts  the  électron  velocity  so 
that  the  density  of  the  électrons  is  equal  to 
that  of  the  ions  in  the  plasma  région  (n^) • 
For  a  given  plasma  density,  n^,  and  électron 
(a  function  of  T  and 
not  uniquely 


the 


ion  density, 

alues  of  Hj  and  n^'Hj  are  no 

st  be  related  such  that 


determined,  but   

the  électron  and  ion  densities  m  the  plab...- 
are  equal.     The  absolute  values  of  the  poten- 
tial différences  n,  and  n^-nj.  are  determined 
by  the  variation  of  ion  density  with  potential. 
In  the  d  c.  case,  redistribution  of  the  ions 
Leads  to  saturation  of  the  values  of  n ,  and 
n  -n,.  for  large  applied  voltages,  and  hence 
the  current  crossing  the  device  also  saturâtes. 
The  ions  will  not  respond  for  at  leasta  few 
ion  plasma  periods,.  so  that  for  fast  rismg 
voltage  puises  the  ions  are  assumed  to  have  a 
uniform  density  between  the  électrodes,  equal 
to  the  unperturbed  plasma  density.     The  selt 
consistent  potenti'al  distribution  for  a  con 
stant  uniform  ion  density,  independent  of  poten- 
tial is  shown  on  curve   (c)  of  figure  2.  The 
double  sheath  is  formed  in  a  région  formerly 
occupied  by  neutral  plasma  so  the  uniform  den- 
sity assumption  is  reasonable.     The  vai.-^»  nf 
the  potential  différence  n^-n,  is  obi 
requiring  that  there  be  two  zéros  of  electric 
field,  one  at  n,  ànd  one  ab  n^-     Starting  tr( 
W  intégration  of  PoisSorïs  ec^waiiort-- 


.ned  by 


(1) 


The  analysis  is  carried  out  in  planar  geom- 
etry  which  is  a  reasonable  approximation  to  the 
plasma  cavity,     The  self-consistent  d.c.  ana- 


i  is  the  distance  co-ordinate  normalised  to  a. 
Debye  length  defined  in  terms  électron 
émission  density  n^^-      Xp^^  =  t^KT/n^e  ,  n^vn; 
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is  discussed  below;         is  the  unperturbed  plasma 
density;     limits  are  for  the  zéros  of  this 
electric  field  équation.     The  électron  dis- 
tribution function  to  the  right  of  the  minimum 
in  figure  1    (c)  or  (b)  is  the  sum  of  two 
truncated  Maxwellian  distributions  and  has  been 
discussed  in  earlier  work  [1].     The  resulting 
expression  for  électron  density,  obtained  by 
integrating  over  ail  velocities,  as  a  function 
of  potential  is  the  same  in  d.c.  and  puise 

:ause  of  the  topological  équivalence. 


(b)  d.c.  bia: 

(c)  pulsed  b 
Figure  1  .  Schematic  Po 


figure  T    (b)  and  (c). 


whel  ■  . 

Substituting  (Z)  for  ng(n)/n^^  and  using 

%  "  "e^^-*         '•'^  ^^^^^  =  the  sol- 

ution of:- 

2(/-4)expa-7p)^-  (i-e^p(-7^)X(,_4)f(^,)  (3) 
where  £(A^=£Xp<A>.e'fe(/i.'M. 

Approximate  solution  of  (3)  shows  A  to  be  almost 
linearly  proportional  to  n    for  n  >5.     Thus  for 
P  P 

the  pulsed  plasma,  the  potential  is  mainly  deve- 
loped  across  the  double  layer  in  contrast  to  the 
d.c.  equilibrium  case  described  above.  This 
double  layer  is  formed  by  retreat  of  plasma  élec- 
trons in  response  to  the  applied  potential  and 
is  similàr  to  ion  matrix  sheath  expansion  in 
plasmas  bounded  by  ion  sheaths,  although  here  the 
sheaths  are  électron  rich. 

The  current  crossing  the  device  is  f ound  by 
considering  the  net  électron  flux  in  the  poten- 
tial distribution: 

Using  (2),  this  current  may  be  expressed  in  terms 
of  the  plasma  density,  n  ,  and  sheath  drop  ■ 


Figure  Z  shows  the  pulsed 
current  voltage  character istic  calculated 
exact ly  from  (3.)  and  (4). 

RESULTS  AND  DISCUSSION 

Figure  Z  shows  three  sets  of  data  obtained 
for  différent  values  of  plasma  density  and 
température,  fitted  at  one  point  to  the 
theoretical  curve  of  normalised  current  againsl 
normalised  voltage.     The  current  traces  for 
short  time  scales  were  nearly  flat  topped 
except  for  the  effects  of  stray  capacitance 
which  lead  to  a  slight  over shoot.     The  values 
of  current  and  voltage  plotted  on  figure  Z  weri 
read  off  oscilloscope  traces  in  the  flat  porti( 
after  any  overshoot  and  prior  to  any  decay  of 
current,  observed  at  times  approaching  an  ion 
plasma  period.     In  practice  flat  topped  portioi 
were  seen  between  0.01  and  0.1  ysec.     There  is 
good  agreement  between  theory  and  experiment 
for  the  plasma  conditions  studied. 

"  _  A        n^=  3  X  .0'V^ 

T  =  2030K  =  0. 175  eV 

n^=  8  X  10'V^ 

T  =  2050K 

n^=  2  X  lo'' 

T  =  1950K 


,14  -3 


—  —  —  —  —d.c. 
'  saturation 


4         8         12  16 
NORMALISED    VOLTAGE   [y] ^} 

Figurez.  Normalised  Current  Voltage 
Characteristic.    Theory 

In  conclusion,  it  has  been  shown  that  currents 
in  excess  of  d.c.  equilibrium  values  can  be 
drawn  through  the  plasma  in  a  pulsed  mode.  This 
is  possible  because  of  the  finite  response 
time  of  the  ions  which  are  essentially  frozen 
during  the  early  stages  of  the  puise.  Agree- 
ment between  theory  and  experiment  is  good, 
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Introduction ;AC  plasma  display  dischargea 
as  described  in  /1,2/,are  particularly 
interesting  for  displays  because  of  their  Fig. 
memory.There  are  several  possible  memory 
mechanisnis  /3/,but  the  quantitative  rate 
of  thèse  mechanisms  has  not  yet  been  cla- 
rified. Memory  is  knawn  to  be  influenced 
by  the  form  of  sustaining  voltage  signal 
/3,V.  Thus  sine  wave  sustaining  and  ^ 
square  wave  sustaining  show  a  ver y  diffé- 
rent behaviour  both  in  memory  and  in  the  ""^ 
parameters  of  light  puises  (Figs.n,2).  Fig.  2  >. 

In  the  présent  paper  the  transition  of  _^î 
square  wave  into  sine  wave  sustaining  and  ^ 
its  connection  with  overvoltage  and  memo- 
ry is  investigated. 

MethodiFor  this  porpose  firing  voltage 
Ugiinii^niuJû  sustaining  voltage  Uj^  and 
characteristic  puise  parameters  of  light         Fig.  3 
puises,  such  as  peak  width  t^,  base  width 
t^, amplitude  I  and  the  logarithmic  rise 
time  constants  were  measured  as  the  funo- 
tion  of  the  half  period  T/2,the  sustaining 
voltage  Ug  and  the  slope  dU^/dt^^  of  square 
wave  signal  (t^  time  response) .The  used  Fig.  4 

discharge  cell  with  glazed  Mo-electrodes 
/1,2/  (électrode  distance  d=o,1cm)  was 
filled  with  1oo  Torr  (Ne+o,1%  Ar).  Fig.  7 
only  referred  to  dischargos  in  3oo  Torr 
(Ne+  1%       .The  comparison  of  bistable 
range  (memory),  wall  voltage       and  puise 
shape  can  be  obtained  by  the  détermina- 
tion of  effective  overvoltage       as  a 
dominant  limiting  quantity  for  puise  Fig.  5 

shape, Two  methods  are  used  to  détermine 

and  the  results  are  compared  with  eaoh 
other  (table  1).The  first  method  is  based 
on  the  comparison  with  the  calculated 
value  of  TOWNSEND  time  constant t,whioh 
is  assumed  to  be  idantioal  with  the  loga- 
rithmic rise  time  constant  of  the  first 
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phase  of  the  light  puise. The  used  équation 
foJ7  t  was  ■^-'^ 

with       ion  velocity o'', ^ TOWNSEND  ioniza- 
tion  coefficients, By  the  second  method 
the  wall  voltage  U^ias  the  effective  over- 
voltage  for  square  wave  sustaining  is  cal- 
culated.Fig.6  demonstrates  this  method, 
which  is  based  on  the  following  assump- 
tions : 

-The  wall  voltage  transfer  down  to  U^=0 
lasts  t^  ^usec. 

-Is  the  magnitude  of  the  mean  slope  of 
sustaining  voltage  Sg=Ug/tg^  decreased  so 
faTjthat  amplitude  of  the  puise  tempo- 
rallily  agrées  with  the  upper  edge  of 
voltage  rise,the  mean  slope  value  of  the 
wall  voltage  8^=^^/*^  ^^-"--^  ^®  equal  toS^, 

Thèse  assumptions  permit  to  oalculate  U^, 

using  the  équation 

U™=    t?  S„  =    t?  U  /  t  . 
w       D    s         D    s'  a 

Results  and  discussion ;The  comparison  of 

thèse  overvoltage  values  is  shown  in 

table  1.The  requisite  data  are  taken  from 

Fig.  5 

In  Fig.  4  the 
transition  of 
square  wave 
sustaining  into 
"sinelike- 
sustaining" 
(trapèze  voltage 
with  the  same  slope  like  sine  wave)  is 
done  by  lowering  the  slope .Infact, the  pa- 
rameters  of  discharges  with  "sinelike- 
sustaining"  are  comparable  with  sine  wave 
sustaining, as  shown  in  Figs,2,3.The  exam- 
ple in  Fig.  4-  shows, that  voltage  U^/j^, 
memory  M=(U2-Uj^)2/CJ2)  «overvoltage  ZiU  and 
puise  shape  are  determined  by  the  voltage 
slope,  if  the  puise  amplitude  is  in  the 
voltage  rise  range. The  lowering  of  the 
effective  overvoltage  àVi  with  increasing 
voltage  time  response  causes  U^.  to  rise 
and  weakens  the  light  signal. The  same  be- 
haviour  is  observed  for  sine  wave 
sustaining. In  the  case  of  Fig.  7  linearity 
exists  between^U  and  the  slope  dU/dt  at 
the  moment, at  which  the  puise  is  detected. 
for  différent  frequencies  and  voltages. 
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Summary ;The  importance  of  the  slope  of 
sustaining  voltages ,especially  for  the 
transition  of  square  wave  into  "sinelike- 
sustaining"  is  shown, and  it  can  be  con- 
firmed,that  the  formalism  of  classical 
TOWNSEND  theory  approximately  is  appli- 
cable for  détermination  of  the  effective 
mean  overvoltage.  In  spite  of  the  temporal 
development  and  the  growth  of  thèse  dis- 
charges the  mean  overvoltage  is  of  practi- 
cal  value  for  interprétation  of  memory 
and  puise  behaviour  of  ac  plasma  display 
dischai"ges  because  of  the  superposed 
effects  of  Ug  increase  and        transfer  in 
the  course  of  the  discharge  activity. 
a) 


V   light  pulî 

Fig.  6  b) 

Ui^^--^ 

Vlight  puise 

\\  \ 

Uj  inner  voltage 
of  the  cell 

Uj-  Us+Uv, 


Fig.  7 


40     60  80 
overvoltage  AU/U  Q'/J 
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INETIC  OF  NEGATIVE  GRID  PULSE  INFLUENCE  UPON  DISCHARGE  PLASMA 
V.B.  Kaplan,  A.M.  Martsinovskiy,  F.N.  Rasulov  and  V.G.  Yuriev. 

A. F.  loffe  Physiaal-Teahniaal  Institute ,  Aaademy  of  Sciences  of  the  U.S.S.R.  Leningrad,  K-21  U.S.S.R. 


The  grid  influence  upon  Knudsen  low-vol 
bage  arc  césium  plasma  was  investigated 
Ln  /I/.  But  négative  grid  voltage  affected 
iischarge  otherwise  than  in  /I/if  négative 
?ulse  with  short  rise  time  <J4-I0~'^s)is  used 
Lnstead  of  constant  grid  potential.  The 
nain  reason  of  this  différence  is  explai- 
aed  by  the  considération  of  pre-electrode 
Layers  création. 

The  devices  and  expérimental  technique 
are  similar  to  /I/. 

Typical  plasma  parameters  response  on 
négative  grid  puise  is  shown  at  Figl  (  T^i 
and  Tea-  électron  températures  in  cathode 
and  anode  régions,  n, and  n^  -  plasma  con- 
centrations, »p  -  plasma  potential,  ùo.  ^Jid 
3-  -  anode  and  grid  currents,  V^,  V  -  ano- 
de  and  grid  voltages).  When  grid  puise  is 
applied,  the  relatively  small  increasing 
of  langmuir  layer  occurs  at  time  of  the 
order  of  électron  transit  time  (  IO~^s  ) , 
the  ion  concentration  in  layer  heing  con- 
stant. Further  the  surplus  ions  are  driven 
from  nonequilibrium  Langmuir  layer  to  grid 
The  ion  current  causes  the  négative  grid 
current  peak  (Figl).  Quasiequilibriiim  lay- 
er is  created  near  grid  wire  during  the 
ion  transit  time  across  the  layer  (IO"'''s). 
If  the  decrease  of  electrical  grid  trans- 
mit tance        in  conséquence  of  Langmuir  lay 
er  increasing)  isn't  large,  the  change  of 
potential  drop      in  grid  plate  condensâtes 
this  variation.  Therefore  discharge  cur- 
rent doesn't  vary  (Fig2).  Current  diminu- 
tion begins  only  if  grid  voltage  cornes  up 
to  certain  value  V^.  This  value  diminishes 
if  the  absolute  value  of  retarding  voltage 
^,2^^  grid  plane  and  plasma  concentration 
increase . 

If  V  <  V  ,  the  initial  current  supres- 


sion  (to  0^  value)  occurs  during  the  time 
of  quasiequilibrium  layer  création  (or  du- 
ring     ).  It  is  accompanied  by  correspon- 
ding  anode  voltage  increasing  (Fig.I),the 
main  potential  drop  being  localized  in 
grid  plane  (Fig.Ib,2).  Such  plasma  state 
isn't  stable.  On  the  one  hand,  the  increa- 
sing of  Langmuir  grid  layer  causes  the 
increasing  of  grid  ion  current,  that  dimi- 
nishes ion  concentration  near  the  grid 
(and  in  the  cathode  région)  and  leads  to 
graduai  decrease  of  transmittance  and  dis- 
charge current.  On  the  other  hand,  élect- 
rons, that  penetrate  into  anode  région, 
are  accelerated  by  the  grid  plane  voltage 
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Fig.2 

I  -  Vg^=I.5v,  n^=5'I0-^'^cin  ^>,^='l^\ 

5  -  V^=2.25v,  n^=2.5-I0-'-^cra"5,  ^^=-0.7v 

drop.  It  causes  T    and  n    to  increase 
(Fig.I).  The  increasing  of  ion  génération 
rate  and  their  concentration  in  anode  ré- 
gion compensâtes  their  departure  to  grid 
and  causes  the  increase  of  grid  transmit- 
tans.  Therefore  the  opposite  tendencies 
compete  one  with  the  others.  If  ion  géné- 
ration is  insirfficient  for  current  reco- 
very,  the  increasing  of  anode  région  con- 
centration becomes  slow.  After  maximum 
was  obtained,  anode  région  concentration 
begins  to  diminish,  and  discharge  quen- 
ching  occurs  (curves  I  at  Fig.Ia).  In  op- 
posite case  current  recovery  occurs  after 
(I-2)yM^;  ion  génération  shifts  from  anode 
région  to  cathode  one  again. (curves2  at 
Fig.Ia), and  plasma  passes  into  the  state 
that  corresponds  to  static  grid  voltageli^. 

The  investigations  show  that  inertia 
of  cumulative  ionization  /2/  and  duration 
of  ion  transit  from  anode  région  to  grid 
(~IO~^s)  promote  current  supression. Both 
thèse  times  are  longer  signif icantly  than 
ion  trassit  time  from  the  center  of  grid 
mesh  to  the  wire.  Therefore  the  grid  pui- 
se rise  time  influences  signif icantly  on 
discharge  quenching  efficiency.  Fig.J  il- 
lustrâtes the  différence  between  plasma 
processes  because  of  the  various  grid  pui- 
se rise  time  at  constant  puise  amplitude. 
If  Zj.   increases,  the  ions  generated  in 
anode  région  are  able  to  transit  to  the 
grid,  the  diminution  of  anode  current 
being  slowed  down  (  curves  2  at  Fig5  )• 
If      is  sufficiently  large,  thèse  ions 


are  able  to  restore  the  current,  though 
grid  potential  continue  to  diminish  (cur- 
ves3  at  Fig.3  ). 

Initial  current  supression  may  be  com- 
plète if  the  négative  grid  puise  amplitu- 
de is  large  (  curves  5  at  Fig.Ia  ).  It 
corresponds  to  coupling  of  pre-electrode 
layers  of  neighbour  grid  wires  (  poten- 
tial quenching  ).  But  increase  of  puise 
amplitude  isn't  always  possible;  it  géné- 
râtes the  complementary  strong  ionization 
mechanism  in  anode  région.  Discussion  of 
this  question  isn't  throw  into  this  re- 
port. 
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LOW- VOLT  AGE  ARC  PLASMA  IN  THREE-ELECTRODE  SYSTEM 
V.G.  Baksht,  A.M.  Martsinovskiy  and  V.G.  Yur'yev. 
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Investigations  of  arld  influence  on 
^as  discharge  plasma  are  few  and  not  syste- 
aiatical  /l/.  There  are  no  such  investigati- 
ons for  higli  plasma  concentration  (  Hq-^IO 
-  10^^  cm"^),  though  tliis  problem  becomes 
significant  for  practical  applications  /2/. 
Tiie  investigation  of  sucli  problem  in  short 
low-voltage  arc  césium  plasma  lills  in  this 
gap. 

The  experiments  were  performed  at  pla- 
ne geometry  devices  with  surface  area  1 
cm^  and  interelectrode  distance  cZûc=('^"'5) 
mm.  The  grids  with  cell  dimension   ~  (100- 
200)jvt«»  and  perueability     ol^ 'v  0.5-0.8  were 
utilized.  probe  and  spectral  plasma  diagno- 
stic mcthods  were  used  together  with  gating 
intégration  technique.  Time  resolution  was 

50  ns  /3/.  when  a  grid  is  introduced  in 
the  gap,  the  discharge  plasma  dissolves  to 
two  régions  with  signif icantly  various  pro- 
perties  (cathode  région  and  anode  région  - 
sec  Fig.l).  In  the  each  région  électron 
température  Tg  »  concentration  tlg  and  plas- 
ma potential    ^    change  little.  But  very 
Sharp  variation  of  thèse  parameters  takes 
place  in  ihe  grid  plane,  if  disharge  is  de- 
veloped  signif icantly  and  the  whole  émissi- 
on current  flows,  the  main  potential  drop 
occurs  xn  the  cathode  sheath  if>,  .  The  éle- 
ctron beam  from  cathode  loses  its  energy 
in  cathode-grid  région.  Therefore  électron 
température  and  plasma  concentration  in  ca- 
thode région  are  higher  signif icantly  than 
in  anode  one  (  Tg,  >%z  ,  n,  »  Potenti- 

al drop    xpi^   in  the  grid  plane  is  négative, 
i.e.  retarding  for  électron  flow  from  ca- 
thode to  anode  région.  Concentration  /?2  es- 
tablishes  at  the  level  sufficient  for  cur- 
rent transfer  to  anode  (point  2  at  Fig.l). 
When  anode  potential  diminishes,  ca- 

thode potential  drop   y,  ,  T^^^^,   m,  and 
diminish  also,  plasma  paramêters  in  anode 
région  being  unchanged  (Fig.l,  point  1). 


Uhen  concentrations    n,    and  becomes 
nearly  equal,  the  grid  potential  drop  (fi^^ 
changes  its  t.ign  and  the  ion  t,eneration  be- 
comes i^eater  xn  anode  région  than  in  ca- 
thode one,  Uischarge  passes  into  tasitron 
mode,  ùiscovered  in/l/.  This  laode  of  ope- 
ration  is  the  most  économie  because  of 
small  value  of  ion  current  to  cathode  (A7/< 
<  /?2)  .  Potential  drop  accélérâtes  éle- 

ctrons and  facilitâtes  the  current  flow  xn 
the  uost  narrovT  space  of  discharge  -  betwe- 
en  the  grid  wires. 

When    14.    Increases,  enhancement  of 
oeases  when  plasma  xeacn  the  high  ionizati- 
on  degree,  if    Yo.     continues  to  increase, 
the  hot  électrons  penetrate  into  anode  ré- 
gion. Therefore  électron  température  Tg  ^ 
and  concentration  increase.  Concentra- 

tions in  catliode  and  anode  régions  draAV  to- 
{^ether  and    f,^   diminishes  (point  3). 

The  diminution  of  grid  potential  'V^  cau- 
ses the  enliancement  of  the  pr e-electrode 
layer  dimension   ^     near  the  grid  wires 
(  y^^^)  .  it  diminishes  the  electrical 

grid  permeability  ci^^    and  causes  the  en- 
hancement of  ion  grid  current.  Tue  pre-eie- 
ctrode  layer  is  sufficiently  narrow  for  di- 
scharge conaitions  that  are  interesting  for 
practical  applications  (  /7 lo-*-^  om~5j, 
Therefore  permeability  diminishes  slowly 
when     '1^    is  depleated.  iioreover,  if  f,i  is 
retarding,  d e£     diminution  is  compensated 
by  small  variation  of  if,^  :  ^  o(^£  x 

^/^  V  f  )■  ^1  -  ^2  %  7  '^'^«^■e  f  or  e  d i scha- 
ge  current  and  plasma  parameters  are  near- 
ly independenu  of'^(Fi^2j.lt  must  be  noticed 
that  the  second  reason  of  such  independen- 
ce  is  often  more  significant  than  the  first 
one.  This  phenomenon  (rather  than  electro- 
static  screening^  prevents  griU  control  in 
high  density  plasma. 

It  is  essentiel  that  the  discharge  quen- 
ching  occurs  at  jiegative  grid  voltage  only 
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If  the  potentiel  drop  is  accelerating 

for  électrons,  Near  the  quenohing  point 
main  ion  génération  is  concentrated  in  ano- 
de région,  grid  permeabxlity  is  siuall  and 
anode  current  Ja.     is  diuiinislied  appreci- 
ably.  This  resuit  was  obtained  in  experi- 
ments  as  well  as  in  tlieoretical  calculati- 
ons  /4/. 

Wben  load  résistance        is  in  anode 
circuit,  diminution  oî  j'u   causes  "V^  andip, 
increasing  Ofg,^ jc^R^^E,^-  Const)  .  Thereiore 
concentration    n,   in  cathode  région  incrc- 
ases.  It  prevents    df£  diminution  and  ja. 
interruption,  The  load  résistance  permit 
to  realize  the  lower  branch  of  voltage- 
current  characteristic-branch  with  négati- 
ve résistance,  At  this  branoh  coiuplicated 
oscillations  occur  with  frequency  100 
kcycles,  At  Fig.3  the  typical  results  of 
probe  plasma  parameters  investigation  in 
cathode  (1)  and  anode  (2)  régions  are 
shown  for  ohe  conditions  when  oscillations 
occur.  Thèse  are  relaxation  oscillations 
with  successive  ion  génération  transitions 
from  one  région  oo  another, 

It  was  also  shawn  that  grid  influences 
upon  discharge  when  j\   is  nearly  equal  to 
random  current  Ji  =   ^^Ve      and  grid  poten- 
tial  drop  doesn't  control  discharge.  The 
condition    Ja.-  Jz     "^^^       realized  by  ion 
concentration  dimiaution  or  by  Increasing 
of  anode  current,  The  first  situation  may 
be  achieved  by  utilization  of  a  grid  with 
large  surface.  But  such  grid  causes  the 
grid  ion  current  to  increase  and  quenching 
anode  voltage  to  increase  also.  The 

second  situation  may  be  achieved  by  effec- 
tive emitter  utilization,  particulary  in 
discharge  with   4    and   Ba.     vapours.  Spbn- 
taneous  current  interruptions  arise  in 
this  situation.  Possibxlity  of  grid  cont- 
rol arises  also  if  the  dynamical  effects 
in  plasma  are  utilized.  Thèse  two  possibi- 
lities  are  considered  in  corresponding  re- 
ports* 
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EFFECT  OF  GAS  PURITY  ON  THE  CURRENT  OF  A  NON-SELF  SUSTAINED  DISCHARGE  IN  NITROGEN 
G.B.  Lopantseva,  A.F.  Pal,'' A.F.  Perevoznov,  I.G.  Persiantsev  and  A.N.  Starostin. 
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Commercial  nitrogen  contains  about  0,01 
i  of  oxygen,  whereas  nitrogen  of  spécial 
purity  (s.p.),  only  0.001  %.  It  tums  out 
that  even  so  small  admixtures  may  essenti- 
ally  alter  the  energy  characteristics  of 
the  discharge.  This  effect  is  considered 
for  a  non-self  -sustained  discharge  indu- 
ced  by  an  électron  beam.  At  gas  pressures 
of  1  atm.positively  charged  nitrogen  ions 
Ng,  N"'"(1,2)  are  effectively  converted  in 
triple  colli8ions[l]  to  ions  I^,H^,respec- 
tively  (3).  Here  and  in  followa.the  number 
in  par^heses  indicates  a  réaction  corres- 
ponding  to  that  number  in  the  table.  The 
density  of       and        in  a  discharge  is 
10^ cm"-^  and  the        ion,  which  recombines 
with  the  électrons  produced  in  the  disc- 
harge  (4),  is  the  principal  ion. 

On  the  other  hand,  when  the  above  susio- 
unt  of  oxygen  is  présent,  the  N*  ions  may 
disappear  due  to  charge-exchange  (5)  [s]. 
Estimâtes  show  that  at  density  |^0^^  = 
10^^*  lO^^cm"-^,  tne  0^  ion  oecomes  i  at  a 

rate  of  électron  production  in  the  disch- 

17    —"^  -1 
arge  lo  'cm  -^sec    ;tne  principal  positive 

ion  and  the  électron  balance  m  the  disc- 
harge will  be  determined  by  dissociative 
recombination  on  the  ions  of  O2  (6)[l]ra- 
ther  than  N,.  The  effective  electron-reco 


the  concentrations  of  ail  positive  ions 
in  the  discharge , y^/  are  the  correspondlng 
coefficients  of  recombination  of  the  i-th 
ion  with  électrons  of  the  dis  charge  ^|^n^  = 
=  [nj  ^  is  the  discharge-electron  den- 

sity. In  our  case  ,    p     ,  / 

It  is  seen  that,  if  [o2]^5'^  [^e] ^G'T^eff 
is  determined  by  the  dissociative  recom- 
bination of  H^.ions  with  the  électrons. At 

i.e. jthehigher  the  oxygen  content  in  the 
gas  employed,  the  doser  the  recombination 
coefficient  to  that  on  the  0^  molécule. 
However,  as  the  concentration  of  O2  exce- 
eds  0,1%,  the  conversion  (8)  of  0^  to  the 
more  complex  ions  [1]  as  v/ell  as  électron 
attachment  in  the  présence  of  a  third  par- 
ticle  (9),  becoraes  of  greater  importance. 
The  effect  just  raentioned  have  been  obser- 


ved  en  an  installation  descri 


mbinatl^n  coefficient  la  given  by  J> 


ni 


eff" 


is  the  sum  of 


Pig.1 

Pig.1  shows  the  oscillograms  of  the  diec- 
harge  current  in  nitrogen  of  various  puri- 
ty at  a  beam  current  of    250  mcA/cm^  and 
a  pumping  rate    100  m/sec.  The  highest 
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discharge  current  is  observed  in  commerci- 
al nitrogen,  the  lowest  in  nitrogen  of  spe 
cial  purity  to  which  0,5%  of  oxygen  was 
added. 

It  should  be  noted  that,  if  before  the 
field  is  applied  the  gas  is  subject  to 
electron-beam  radiolysis,  then  in  the  dis- 
charge gap  there  will  accianulate  atomic 
nitrogen  whose  amount  is  proportional  to 
the  time  of  électron  beam  opération,  When 
the  field  is  applied,  the        ions  that  ap- 
pear  in  the  discharge  will  partly  exchange 
charges  with  nitrogen  atoms,  thus  leading 
to  the  fonnation  of  the  positive  ion  NO"*" 
(7)[4j.  Since  the  constant  for  the  recora- 
bination  rate  for  the  NO"*"  ion  (10)  is  abo- 
ut  an  order  of  magnitude  lower  than  that 
of  oxygen,  the  NO"*"  ion  may  affect  the  elec 
tron  balance,  there by  increasing  p 

Similarly,  the  gas  is  subject  to  the  e- 
beam  radiolysis  when  the  voltage  is  swit- 
ched  on  at  instances  close  to  those  at 
which  the  beam  current  is  maximum' £f  the 
e-beam  opération  l±meTf<^/\^  (L/v  being  cha 
racteristic  time  of  passage  of  the  gas  th- 
rough  the  discharge  gap  of  length  L).In 
commercial        the  current  will  be  lower 
than  in  s. p.  nitrogen,  because  the  relati- 
ve nximber  of    NO"^  ions  in  the  former  will 
be  higher.  This  is  confirmed  by  the  expé- 
rimental results  presented  in  fig,2.Here 
the  rate  of  gas  flow  through  the  discharge 
gap  is  1-2  m/sec,  L=1  cm.Ts'^  6.10~^sec. 
E/N-10"''^V  cm^,jj^-250  mcA/cm^.One  should 
mention  that  at  low  flow  rates  there  occu- 
rs  an  effective  occupation  of  the  vibrati- 
onal  levels  of  the  N2  molécule.  In  this 
case,  the  NO"*"  ions  may  form  also  in  the 


reaction  (11)   [4]  . 

0     ^    200  ^   ^ÛÛ  ^  Mcsec 


Ho 

Reaction 

Rate  constant 

1 

N2^4  •'"  ® 

10~'''cm^8ec"^ 

2 

H2^N     +  N 

lO'^cm-^sec"^ 

2a 

Np^N"^  +  N  +  e 

10"®cm^sec~'' 

3 

n|+  2K2— n*  +  1I2 

8.10"^^cm^sec~'' 

4 

+  e  — 2N2 

a.lO'^cm^sec"'' 

5 

^4  "•■  °2— °2 

4.10~''°cm^sec"'' 

6 

02"*"  +e^20 

2.10""^cm^sec'"' 

7 

H  +  Oj-^NO"*"  +  G 

1,8.10"''°cm^sec"^ 

8 

q\  +  Og+Ng-^OJ  H-HTg 

1o~-^^cm^sec~^ 

9 

O2  +  e  +K2HD2  +N2 

10"3''cm^sec~'' 

0 

NO"*"  +  e^N  +  0 

1,5.10"'^cm^sec"'' 

11   nJ  +  0^— no"*"*  NO   s.io"""^  Z/i^/v; 

Xv   is  the  relative  population  of  the  vib- 
rationallevels    of  the  molécule  Ig,  /y  — 
the  ratio  of  the  rate  constant  for  the 
level  ^  to  that  for  the  level  V  =  0. 
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NEGATIVE  ION  PRODUCTION  IN  SURFACE-PLASMA  SOURCES  WITH  UNCLOSED  ELECTRON  DRIFT  DISCHARGES 


Yu.  I.  Bel'chenko,  V.G.  Dudnikov. 

Institute  of  Nuclear  Physics,  Novosibirsk,  U.S.S.R. 


1.  In  developed  variants  of  surface- 
plasma  sources  /2,3/    the  minimum  energy 
necessary  for  H"  génération    is  about 
10^  eV/ion.  The  further  increase  in  effi- 
ciency  of  négative  ion  génération  is  dé- 
sirable for  construction  of  long  term  ope- 
ration  sources.  The  most  évident    way  to 
increase  the  energy  efficiency  is  the  more 
complète  utilization  of  négative  ions  em- 
itted  from  électrodes  /2/.  In  experiments 
presented  hère,  more  complète  extraction 
of  generated  négative  ions    was  provided 
with  localization  of  the  discharge  near 
the  émission  slit    and  with  geometrical 
focusing  of  négative  ions  emitted  by  a 
half-cylindrical  cathode  surface    to  the 
émission  slit. 

2,  The  diagram  of  the  source  with 
discharge  location         near  the  émission 
slit  (so-called  semiplanotron  -  SP)  is 
shown  in  Pig.1 . 


Pig.1  Semiplanotron  diagram: 

a  -  with  one  groove,  b  -  with  five 
grooves;   1  -  cathode,  2  -  anode, 
3  -  magnetic  inserts,  4  -  pôles  of 
magnet,  5  -  émission  slit,  6  -  ex- 
tractor,  7  -  cathode  groove,  8  - 
end  cathode  hollow. 
Similar  to  the  planotron  /2/,  the  dis- 
charge  takes  place  in  a  thin  gap  between 
the. long  cathode  1  and  anode  2,  which  em- 
braces  the  cathode.     For  the  effective 


plasma  utilization,  SP  discharge  is  main- 
tained  only  in  a  région  near  the  émission 
slit.  In  this  place     the  magnetic  field 
lines  are  specially  bent    with  magnetic 
inserts  3.  The  magnetic  field  lines  two 
tijnes  cross  the  half-cylindrical  cathode 
surface  without  crossing  the  anode,  prov- 
iding  conditions  for  confinement  of  fast 
électrons  emitted  by  cathode.  Thèse  élec- 
trons oscillate  in  the  cathode  groove  and 
drift  along  the  emipsion  slit  sawed  per- 
pendicular  to  magnetic  field  lines.  The 
deeper  hollow  8  is  made  at  one  of  the  ca- 
thode end  for  better  discharge  trigger- 
ing.  Electromagnetic  valve  and  heated 
container  provide  this  hollow  with  hyd- 
rogen  portions  and  césium  vapour.  For 
preventing  discharge  in  other  parts  of 
the  cathode-anode  gap,  SP  électrodes  have 
the  spécial  shape  preventing  électron  os- 
cillations in  thèse  régions.  Electrons 
in  the  side  gaps  fall  quickly  to  the  ano- 
de along  the  magnetic  field  lines. 
A  half-cylindrical  shape  of  the  cathode 
opération  surface  provides  geometrical 
focusing  of  négative  ions  emitted  by  the 
surface  to  émission  slit.  Extraction 
voltage  of  up  to  35  kV  is  applied  to 
discharge  chamber,  extractor  6  is  under 
ground  potential.  The  puise  mode  of  such 
sources  was  under  study.  An  amplitude  of 
the  discharge  current  puise  was  up  to 
0.2  kA,  duration        1  mS,  répétition  ra- 
te up  to  10  Hz. 

3.  The  characteristics  of  high  cur- 
rent glow  discharge  in  SP,  their  depen- 
dencies  on  magnetic  field,  hydrogen  an-î 
césium  density,  discharge  current  wer^ 
similar  to  those  of  planotron  discharge 
/2/.  The  dependencies  of  extracted  H 
and  D~  current  on  discharge  current  are 
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given  in  Pig.2. 


50  ^    m  i50 


Pig.2  Current  of  H~  and  D~  (crossed)  beams 
as  a  function  of  discharge  current. 
Figures  near  the  curves  -  width  of 
the  émission  slit.  The  émission  slit 
length  is  40  mm. 

Maximum  H~  émission  density  up  to  3-4A/cm^ 
was  achieved  with  discharge  current  densi- 
ty at  cathode        50  A/cm^.  At  linear  plot 
of  dependence  émission  H""  current  density 
mounts  to  M%  of  the  cathode  discharge  cur- 
rent density  and  energy  expenditure  on  H~ 
génération  was        5  keV/ion.  It  is  explain- 
ed  by  more  effective  plasma  utilization  in 
oP  and  by  geometrical  focusing  of  négative 
ions  to  émission  slit.  Négative  ions  focus- 
ing also  is  confirmed  by  intense  sputtering 
of  anode  parts  located  opposite  to  the 
half-cylindrical  cathode  surface  of  the 
groove.  "puttering  trace  looks  like  a  ca- 
nal of  0i8  mm  width. 

Under  the  same  conditions  H~  current 
was  two  tijnes  less  than  D~  current.  Becau- 
se  of  the  larger  deuterium  mass  the  leaving 
times  are  increased  both  for  discharge  po- 
sitive ions  and  négative  ions  moving  from 
cathode  to  émission  slit.  Thèse  effects 
can  visibly  intensify  the  D~  destruction 
In  plasma  /2/.  Also,  due  to  lower  energy 
of  boabarding  deuterium  partiales  /4/  the 
réduction  of  secondary  D~  émission  coeffi- 
cient may  play  a  certain  rôle. 
The  five.grooves  3?  with  multiple-aperture 
extraction  System  was  tested  (Pig.lb). 
Quite  a  uniforra  glow  discharge  was  achiev- 
ed at  ail  the  cathodes  grooves  with  ca- 
thode current  density  up  to  30  A/cm^.  With 
large     sizee  of  émission  slit  some  diffi- 
culties  arise  for  providing  necessary  den- 


sity of  hydrogen  in  discharge  grooves. 
The  hydrogen  density  gradient  along  the 
groove  resulted  in  non-uniform  discharge 
and  brought  to  visible  réduction  of  nega 
tive  ions  along  the  émission  slit. 

In  the  described  versions  of  SP  the 
problera  of  électrode cooling  is  quite  sim 
ply  solved.  To  this  end,  the  channels  fo 
cooling  liquid  are  drilled  close  to  work 
ing  parts  of  the  cathode,  anode  and  ex- 
tractor.  Note,  that  SP  with  one  groove 
of    -  3  X  15  mm^  is  effective  as  compact 
de  source  of  négative  ions.  '.Vith  dischar 
ge  current     ^  5  A  and  average  power  at 
cathode    -1  kW/cm^    it  is  really  to  ob- 
tain  de  H~  current  of      0.1  A. 
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In  rotating  plasma  experiments  (see, 
.g.,  /1-3/)  it  often  happens  that  the 
ons  are  produced  in  a  device  only  due  to 
onization  of  neutral  gas  in  the  crossed 
lectric  and  magnetic  fields  (and  there 
re  no  other  ion  sources,  say,  extemal 
.njection).  Since  the  ions  produced  from 
old  neutral  particles  by  the  électron 
.mpact  have  a  negligibly  small  energy  at 
;he  initial  moment,  their  further  motion 
s  described  by  _the  formulae: 

/here  E(r)is  a  radial  electric  field,  H 
.s  a  homogeneous  magnetic  field  (directed 
ilong  the  z-axis,  see  Pig.1),  is  Lar- 

lor  frequency  of  ions.  It  is  assumed  that 
;he  Larmor  radius  of  ion  equal  toCE/Hu:^^ 
ls  negligible  as  compared  to  the  scale- 
Length  of  a  radial  electric  field  which 
Ls  usually  of  the  order  of  the  plasma  ra- 
Jius.  Since  the  ionization  moments  "bo  are 
iistributed  randomly,  the  distribution  of 
Lons  over  the  phase  i|>=  LOL('t-to'iis  also  random. 

As  seen  from  eqs.(1),  the  absolute 
/alue  of  ion  velocity  v(r)=     V^-V)  +  V^[0 
Lies  within  the  limits  from  zéro  0  , 

î,jr)to    \/o(0=îiolE(r)/Hl       (V^3T  ). 

On  the  other  hand,  in  off-axis  measu- 

rements  of  charge  exchange  neutrals  (Pig.1) 

the  neutrals  with  maximum  energy  exceeding 

max  Wo(r)(whereWolr)=  nv/J^ir)/2,)  are  often 

3etected,  while  at  small  énergies  the  ape- 

ctrum  of  neutrals  is  limited  not  by  zéro 

but  by  a  finite  quantity  which  is  1.5*2 

times  smaller  than   ma)c  Wo  .  In  the  pre- 
r 

sent  paper  a  simple  explanation  of  thèse 
featurea  of  the  neutral  spectrum  is  given. 

As  is  well  known,  in  a  résonant  charge 
exchange  event  of  a  fast  ion  on  a  neutral 


the  fast  neutral  arises,  which  has  just 
the  same  momentum  as  the  initial  ion.  In 
a  sufficiently  dense  plasma,  the  fast 
neutral  has  some  probability  to  be  ioni- 
zed  again  by  électron  impact  or  by  charge 
exchange  with  plasma  ion  before  reaching 
the  plasma  boundary  (in  both  cases  the 
initial  momentum  of  the  ion  appeared  is 
nearly  the  same  as  the  neutral  momentum). 
This  leads  to  the  formation  of  the  ions 
with  non-zero  initial , velocities.  We  call 
them  "second  génération"  ions  (in  contrast 
to  the  "first  génération"  ions  which  are 
produced  by  électron  impact  ionization 
from  cold  neutrals  and  move  according 
to  eq.(1)). 

Let  us  first  consider  the  properties 
of  charge  exchange  neutrals  produced  from 
the  first  génération  ions.  Using  eq.(l), 
it  is  easy  to  show  that  the  distribution 
function  of  fast  neutrals  registered  by 
a  détecter  will  be  the  following: 

dW"'^Hdn(p)/oiplVf^-r^' 

wharenot,;")  and  T^U)    are  the  densities  of 
neutrals  and  ions  respectively ,  Oo(^W)  is 
the  résonant  charge  exchange  cross  sec- 
tionjnir'jr c£iî")/rH  is  the  angular  drift 
frequency,  and  p   in  (2)  is  considered  as 
a  function  of  VV  ,  def ined  by  the  following 
relationship:  ,      r-  1 

From  formulae  (2)  and  (3)  it  follows 
an  important  for  the  experiraent  conclu- 
sion that  in  the  case  of  "hard-body"  ro- 
tation, when  n(rl  =  00nst,  dl / dW  is  of  the 
form  of  a  delta-function:olt/dW'<^  (r[w- vVc(ri|; 
déviation  of  dlî /dW  f rom  a  delta-f  unction 
is  a  measure  of  plasma  motion  déviation 
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from  hard-body  rotation. 

The  form  of  the  function  dl^dWin  the 
cases  when  -CL^r)  monotonely  increases  and 
monotonely  decreases  with  radius  is  shown 
qualitatively  in  Pig.2.  The  peculiarity  of 
the  case  consists  in  the  présence  of  the 
root  singularity  on  the  lower  (in  the  . 
first  case)  and  upper  (in  the  second  case) 
ends  of  the  interval  where    dl /dW  dif- 
fers  from  zéro.  This  makes  it  possible  to 
find  readily  the  direction  of  variation 
of  the  function  -O-  [y)  from  expérimental 
data. 

Thus,  considération  of  the  first  gé- 
nération ions  allows  us  to  explain  the 
présence  of  a  lower  boundary  of  the  energy 
spectrum  of  charge  exchange  neutrals.  As 
to  upper  boundary,  in  this  case  it  cannot 
of  course  lie  above  max  Wol^). 

For  explanation  of  the  fast  neutrals 

formation  we  have  to  investigate  the  dis- 
tribution function  of  the  second  généra- 
tion ions.  The  number  of  thèse  ions  is  de- 
terrained  by  the  ratio  of  ionization  length 

j\l        plasma  radius  K    .  Usually  in  ex- 
périmenta the  condition    Al»R-    is  fulfil- 
led  (the  case  vihen'/^-^<.<?^    is  discussed 
in  /4/). 

Let  the  neutral,  produced  at  radius 
from  the  ion  of  first  génération  and 
moving  at  this  moment  at  an  angle  cL  with 
respect  to  electric  field,  be  ionized 
again  at  radius  T*  .  Then  the  velocity  of 
thus  produced  second  génération  ion  chan- 
ges with  tirae  according  to 

where    ,  ^  

Using  thèse  formulae,  one  can  find  the 
distribution  function  of  neutrals,  produc- 
ed by  charge  exchange  from  second  généra- 
tion ions.  However,  thèse  calculations  are 
too  cumbersome,  and  we  shall  restrict  our- 
selves  only  by  revealing  of  the  maximum 
value  of  the  energy  of  the  second  généra- 
tion ions.  Prom  expressions  (4),  one  can 
see,  that  the  maximum  (over  v|/  )  value  of 
the  ion  velocity  is 


^  Detector 
Pig.1 


Pig.2 


In  the  case  of  "hard-body"  rotation 
the  second  génération  ions  have  the  same 
distribution  function  as  the  first  généra- 
tion ions,  i.e.  accelerated  particles  do 
not  appear.  The  most  obvious  situation  in 
which  accelerated  ions  appear,  is  the  fol- 
lowing:  Voi^)    is  the  non-decreasing  func- 
tion of  radius,  -0-(r^      is  the  decreasing 
one.  Let,  for  example,  VoC^)  be  independ- 
ent  of  r    (to  judge  by  the  résulta  of  the 
paper  Vq   can  be  constant  in  a  quite 

large  région).  Then,  from  eqs.  (5)-(6)  it 
is  easy  to  obtain  the  maximum  energy  of 
the  second  génération  ions,  which  is  equal 

,  i.e.  it  is  about  5 
times  higher  than  Wo  •  One  can  give  some 
examples  illustrating  an  even  more  notice- 
able  gain. 
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iî™  ^294^^'^^'^^^'^'°^  ^         SURFACE  DISCHARGE  IS  A  PREIONIZER  OF  WGH 
PRESSURE  ATOMIC-MOLECULAR  IMPURITIES 

A.E.  Belyanko,  N.I.  Lipatov,  P.P.  Pashinin  and  A.M.  Prokhorov. 

P.n.  Lebedev  Physical  Institute  of  the  U.S.S.R.  Aaademy  of  Sciences,  Mosoow,  U.S.S.R. 


The  résulte  are  concemed  with  the  ex- 
périmental investigation  of  preionized 
radiation  of  the  surface  discharges  pro- 
pagating  over  the  substances  with  diffé- 
rent values  of  dielectric  permeability 
onto  atoœic-molecular  high  pressure  gas 
impurities, 

The  interest  to  the  surface  dischar- 
ges résulte  from  their  following  proper- 
t les: high  optical  output,  high  power  and 
considérable  discharge  aperture,  compara- 
tively  ordinary  bright  température  contr- 
ol.  A  spécifie  character  of  the  discharge 
interval  breakdown  due  to  strong  gradi- 
ents to  the  electric  field  on  an  inter- 
face of  dielectric  gas  allows  to  make  an 
agreement  between    discharge  interval 
and  accumulation  wit^out  diff iculties.  As 
a  resuit,  the  energy  contribution  rate 
rapidly  increases  and,  as  in  conséquence, 
a  discharge  plasma  by  their  radiative 
properties  becomes  close  to  a  black  body 
with  a  surface  température  50000°K. 

It  is  shown  that,  as  an  ultraviolet 
preionization  source  of  the  atomic-^nole- 
cular  gas  impurities  it  is  appropriât e 
to  use  over  the  substances  the  discharges 
with  a  high  value  /       lo^/  of  dielectric 


permeability,  say ,ceramics«  In  this  case, 
an  efficiency  of  the  surface  discharge,  as 
a  preionizer  of  gas  impurity,  which  créât--, 
es  a  great  number  of  photoelectrons  is 
much  better  than  another  optical  sources, 
say,  the  open  sparks.  A  compositions  and 
pressure  variations  of  the  surrounding 
gas  make  it  possible  to  oontrol  effective- 
ly  a  spectral  composition  and  surface  dis- 
charge radiation  character  that  opens  an 
optimal  possibility  (i.e.  having  minimum 
expenditure  of  energy)  for  gas  médium  pho- 
toionization  or  for  photoinitiation  of  gas 
reactions,  The  former  opens  the  good  chan- 
ces for  investigations  of  différent  micro- 
scopic  processes  such  as  recombination, 
energy  exchange  between  différent  compo- 
nents  of  gas  impurities  where  it  is  easy 
to  develop  a  nonequilibrium  thermodynamic 
passing  a  current  thruugh  a  photoionized 
gas. 

In  the  process  of  investigation  of 
plasma  discharge  optical  radiation  the 
new,  unknown  previously,  f satures  of  the 
light  puise  behaviour  were  observed  over 
the  ceramica  surface,  A  selfdamage*  of  the 
overtensed  surface  interval  favoured  the 
short-closed  line  création  filled  by  a 


C7-  506 


dielectric  with  a  high  value  of  dlelect- 
ric  permeability,  The  nonllnear  line  los- 
es  caused  by  dependence  of  plasma  fila- 
ment resistence  of  the  discharge  current, 
under  suitable  conditions  promoted  a  for- 
mation of  short  electromagŒtic  wave  with 
the  front  irradiation  a  short  /  30nsec/ 
puise  of  hard  ultraviolet  radiation.  On 
the  time  scale  this  puise  is  followed  by 
a  discharge  arc  stage  in  the  developing 
of  which  one  realizes  a  main  energy  contr- 
ibution into  a  discharge  and  the  optical 
discharge  radiation  puise  is  shaped  with 
a  duration  on  the  order  of  magnitude  ex- 
ceeding  an  ultraviolet  glow  of  the  shock 
electromagnetic  wave  front. 

As  a  resuit  of  the  combined  effect 
of  the  shock  wave  front  radiation  and  that 
of  the  arc  stage  of  a  discharge  the  cha- 
racteristic  values  of  photoelectron  densi- 
ty  in  différent  gas  impurities  were  10®- 
lO'^^cm"-^.  The  energy  in  preionizer  was 
6-80. 

Photoelectrons  were  registered  by  a 
probe-Earadey  cylinder  whose  constructive 
features  made  it  possible  to  investigate 
a  space  photoelectron  distribution  basing 
of  which  one  can  conclude  on  a  mechanism 
of  photoionized  process.  As,  for  example, 
in  molecular  impurities  COgtNgXHe  of  dif- 
férent partial  composition,  a  propagation 
of         1700Î  ultraviolet  radiation  which 
are  controlled  by  COg  molécules,  the  pho- 
toelectrons arrange d  in  2-6 cm  out  of  pre- 
ionization  sources  were  conducted  in  con- 


séquence of  two— step  excitation  process, 
when  two  light  quanta  molécule  absorption 
results  in  photoelectron  developing. 

A  distinctive  feature  of  the  surface 
discharge  opération  as  a  preionizer  com- 
pared,  for  example,  to  the  open  sparks  is, 
that  at  gas  pressure  over  500  torr  the 
photoelectron  density  in  some  gases  /He, 
Ng/  is  independent  of  pressure  while  in 
case  of  the  open  eparks  the  photoelectron 
concentration  falls  rapidly  with  gas 
pressure  growth. 

This  spécifie  peculiarity  results 
from  increasing  of  optical  out put  of  the 
surface  discharge,  the  more  the  pressure 
of  surrotinding  gas.  Due  to  this  fact, 
for  high  pressure  impurity  ionization 
it  is  more  appropriât e  to  use  the  sur- 
face discharges. 

A  designed  qualitative  model  of  the 
process  investigated  explaines  the  ob- 
tained  expérimental  results  on  the  base 
of  which  a  possible  photoionization  ult- 
raviolet pumping  by  a  discharge  surface 
radiation  of  rapidly  recombined  afcomic 
hydrogen  plasma  is  discussed. 
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VPPLICATION  OF  THE  MAGNETIC  FLUX  PLASMA  TRAP  TO  GENERATION 
7F  CURRENT  SHEETS  IN  A  RAREFIED  PLASMA 


N.A.  Koshilev,  N.A.  Strokin,  A.A.  Shisko  and  A.V.  Mikhalev. 

Sibizmir,  Irkutsk  23,  P.O.  Box  4,  U.S.S.R. 


One  simple  expérimental  device  for  rao- 
delling  processes  occurring  in  neutral 
current  sheets  is  9-pinch  with  reverse 
field.  In  such  a  System  for  a  long  confi- 
nement of  the  neutral  sheet  arises  a  need 
at  a  required  moment  for  sharply  increa- 
sing  the  characteristic  time  of  magnetic 
field  change  at  the  plasma  boxmdary.  Ge- 
nerally  this  problem  is  solved  using  spé- 
cial dischargers  (crowbars).  A  crowbar 
must  stand  great  initial  strengths  in  the 
main  charge  circuit  and  be  controllable 
at  small  potential  différence  on  solenoid 
ends.  To  meet  thèse  requirements ,  the  pré- 
sence is  necessary  of  additional  electri- 
cal  devices  for  crowbar  ignition  and  syn- 
chronization  circuits.  Purthermore,  crow- 
bar applications  do  not  exclude  magnetic 
field  distortion  inside  the  single-tiirn 
solenoid  arising  due  to  the  slot  between 
current  supplies. 

This  paper  présents  a  description  of  a 
device  constructed  on  the  basis  of  the 
magnetic  flux  plasma  trap,  in  which  field 
trapping  is  effected  by  the  formation  of 
a  well  conducting  envelope  of  cylindrical 
shape  composed  entirely  out  of  plasma, 
and  synchronization  is  effected  without 
electric  circuits  -  by  variation  of  gas 
pressure  in  the  ignition  interspace. 
The  diagram  of  the  device  is  given  in 


Pig,  1.  Two  coaxial  dielectrical  cylin- 

ders  (d^=17  cm,  L^=35  cm;  d2=11  cm,  1^= 

=  100  cm")  provide  working  2  and  annular  1 

volumes,  each  having  an  independent  gas 

out/input  System.  The  annular  volume  is 

filled  with  easily-ionized  gas  (argon). 

Using  System  7  of  coils,  a  quasi-sta- 

tionary  initial  field  H^~  150  -  600  G, 

was  created  inside  volumes  1  and  '2.  V/hen 

reached  a  maximum  value  (T/4  =  25(^sec) 

with  induction  coils  4,  initial  plasma 

was  created  (density  n^io""^  <■  1o''^cm"^, 

T    «  T    %  0.5  ♦  1  eV).  After  30  *  40asec) 
io  eo 

i.e.  time  required  for  plasma  flowing 
along  volume  2  and  température  leveling, 
the  condenser  (G  =  0.5yvi  F,  U  =  30*35  kV) 
was  connected  to  exciting  coil  3  (L=30cm). 
The  'e  field  increase  time  up  to  maximum 

=  1300  G,  T/4  =  500  nsec.  When  con- 
denser discharges  on  coil,  due  to  arising 
electric  fields,  gas  in  the  annular  in- 
terspace becomes  ionized.  Gas  conductivi- 
ty  at  initial  time  moments  is  small  (the 
H  magnetp-c  field  pénétrâtes  freely  into 
the  working  volume),  however  at  t  > t^ 
(Pig.  2)  increases  rapidly.  The  produced 
plasma  forma  a  closed  cylindrical  con- 
ductor  and  the  current  flowing  oh  the 
plasma,  confines  the  field  penetrated 
into  the  working  volume,  t^  is  controlled 
by  changing  pressure  in  the  annular  in- 
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terspace  (Pig.  2b,  c). 

The  magnetic  flux  plasma  trap  was  used 
for  forming  current  sheets  in  the  configu- 
ration of  opposite  magnetic  fields  H  and 

M  0 

H. 

When  the  piston  field  is  switched  on 
in  the  working  volume,  a  neutral  current 
sheet  is  formed,  which  is  moving  towards 
the  System  axis,  stops,  then  moves  away 
towards  the  boundary  of  the  internai  vo- 
lume. 

On  the  basis  of  measurements  of  the 
axial  magnetic  fields  in  a  working  volume 
plasma  (system  of  five  magnetic  probes 
located  in  the  central  cross-section  of 
the  exciting  coil),  the  neutral  sheet  pa- 
rameters  (a=a  (n^,  H^),  U  =  U(n^,  H^), 
etc.)  were  determined, 

The  results  of  measurements  of  ion  dis- 
tribution functions  in  dynamical  and  sta- 
tic  States  with  using  eight-channel  ener- 
gy  analyzer  of  change-exchange  atoms 
are  reported. 


2.  Oscillograms  from  the  magnetic 
probe  for  différent  pressures 
of  argon  in  the  annular  volume 
/t^  -  time  moment  of  the  for- 
mation of  the  conducting  shell/ 
a  _  P  = 


=  3  • 

■■  0.7 


torr;  b  -  P  = 
torr;  c  -  P  = 
torr. 


Pig.  1.  Diagram  of  the  device. 


IX 


—  Théorie  générale  du  plasma 
General  plasma  theory 

—  Phénomènes  de  transport 
Transfer  phenomena 

—  Méthodes  numériques 
Numerical  methods 
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INETIC  EQUATION  FOR  A  F»LASMA  IN  A  STRONG  HIGH  FREQUENCY  ELECTRO-MAGNETIC  FIELD 


R.  Balescu  and  I.  Paiva-Veretennicoff.*. 

Faculté  des  Saienaes,  Université  Libre  de  bruxelles,  Association  Euratom-Etat  Belge. 
Fakulteit  der  Wetensahappen,  Vrije  Universiteit  Brussel. 


Abstract.-      The  dérivation  of  a  correct 
cinetic  équation  for  a  plasma  in  présence 
)f  a  strong  electromagnetic  field    (e.g.  a 
.aser  beam)  poses  two  problems  which,  to 
)ur'  Knowledge  were  never  solved  satisfac- 
:orily.   The  first  is  the  influence  of  the 
ïxternal  field  on  the  collision  process 
is  well  as  on  the  average  Vlassov  field. 
i'he  second   is  the  neat  séparation  of  the 
'apid  time-  and  space-scale  processes 
'rom  the  slow  ones,  which  are  important 
'or  the  transport  phenomena. 


The  gênerai  formulation  of  the 
problem  is  discussed  in  the  framework  of 
the  multiple  time-scale  perturbation 
theory  of   Bogoliubov-Frieman-Davidson . 

The  first  step  towards  its 
solution  is  presented  in  détail.  It 
involves  the  solution  of  the  Vlassov 
équation  (including  longitudinal  and 
transverse  average  fields)   in  présence  of 
an  intense  external  electromagnetic  wave. 
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DIELECTRIC  RESPONSE  AND  ENERGY  LOSS  FOR  AN  INTERMEDIATE  QUANTUM  PLASMA 
N.E.  Frankel,  K.C.  Hines  and  R.D.B.  Speirs. 

University  of  Melbourne,  Sahool  of  Physios,  Parkville,  3052  Melbourne,  Australia. 


1 .      INTRODUCTION;      With  the  advent  of 
the  use  of  laser-driven  pellets  to  obtain 
thermonuclear  fusion,  we  have  in  the  lab- 
oratory  a  plasma  in  which  the  électrons 
have  a  fugacity,  Z^l,  the  interraediate 
quantum  régime.      When  a  highly  compressed 
deuterium  plasma  is  obtained  by  laser  com- 
pression, the  final  state  of  the  system 
corresponds  to  particle  number  densities 


of 


10' 


,26 


10' 


,27 


and  températures  ^  o       ,  ,   ,^  , 

T^IO'  -  10^  /l/,/2/. 
It  is  perhaps  interesting  to  note  that  the 
ions  in  the  deep  interior  of  Jupiter  corr- 
espondingly  reach  a  fugacity  régime  around 
unity  /3/.  Using  the  above  data,  we  find 
that  the  Permi  température,  Tj>,  is  virt- 
ually  equal  to  the  System' s  température, 
T.  The  température  at  which  the  fugacity 
of  an  électron  gas  reaches  unity  is 

T  (Z  =  1)    =  0.99Tj,  A/; 
thus         thèse  laser-driven  fusion  conditi- 
ons correspond  to  a  plasma  of  intermediate 
(partially  degenerate)  électrons  and  cla- 
ssical  ions.      What  is  more,  the  plasma 

is,  for  the  above  values,  such  that 

10-2;^  i. 

Thus  the  partiales  to  a  first  approximat- 
ion are  weakly  coupled  and  also  to  a  first 
approximation  we  can  treat  them  using  st- 
andard linear  response  theory. 

Hore  and  Frankel  /4/  have  shown  that  ail 
quantities  which  are  thermodynaraically 
averaged  over  the  Fermi-Dirac  distribution 
function  can  readily  be  expanded  about  the 
intermediate  quantum  région,  Z  =  1,  using 
standard  Mellin  intégral  transforra  tech- 
niques.     Hore  and  Frankel  /5/  have  also 
studied  the  dielectric  response  of  the 
charged  Bose  gas  about  the  condensation 
région,  Z  =  1 .      In  this  paper  we  report 
on  similar  calculations  using  the  techni- 
ques of  référence  /5/  along  with  the  exp- 
ansions appropriate  for  a  gas  of  fermions 
about  Z  =  1  given  in  référence  A/. 
Work  up  to  now  on  this  région  of  compell- 
ing  interest  in  fusion  research  has  ess- 
entially  only  been  accessible  by  numerical 
techniques  /6/,/7/. 

2.«     RESULTS ;      We  give  here  a  brief  summ- 
ary  of  results  obtained  by  the  above  anal- 
ytical  techniques  for:     (a)  the  longitud- 
inal dielectric  response  fianction,  Ib) 
plasma  dispersion  relationships,  (c)  the 


ion-accoustic  sound,   (d)  the  energy  loss 
to  collective  modes,   (e)  the  energy  loss 
to  binary  collisions  and  (f)  the  electron- 
ion  contribution  to  the  thermal  conduct- 
ivity . 

(a) :      Given  the  standard  longitudinal 
ïïTelectric  response  function  6 (^, go) 
from  linear  RFA  theory  for  an  électron 

where  A  is  the  spin,  £l  the  volume  of  the 
System  and  F^i^)  the  Permi  distribution 

f;(*)=  l/[Z  C  +  Ij. 

Using  the  methods  and  techniques  of  réf- 
érences A/  and  A/  we  now  expand  £  (g,  cO) 
about  the  région  Z  =  1  to  obtain  small  g, 
T  2iTp,  asymptotic  expressions 


where   r(s)     =  (1  -  2^~^)j  (s),  J:(s) 
being  the  Zeta  function  and 

^    -  (TyT)^/2  _ 

(b) :      Prom  the  analytical  resuit  given  in 
taj  we  have  obtained  the  following  disp- 
ersion relationship  for  électron  oscill- 
ations in  the  small  a  région: 

where 


oir) 


C7-  514 


Definlng   X  =  (f^  - 

tiae  expansion  given  in  (a)  above  corresp- 
onds to  X»  1  and  e  «  1.  Now  in  consid- 
ering  ion  so\md  modes  we  require  x  <<  1 . 
Using  ^he  appropriât e  asymptotic  expansio- 
ns for  e  (£,  oj)  for  the  électrons,  x  and 
Jf  small,  and  the  standard  form  of€(a,cO) 
for  the  classical  ions  /8/,  we  then  oïïtain 
ror  the  ion  sound  modes 

where  =     "^''^    +   ^  <^^(.^)  : 

m  -  \ -^-Hf^^-i)*   . 

IdJ:      The  dielectric  response  function 
in  (a)  can  be  used  to  calculate  the  energy 
ioss  from  Mev  ions  in  a  Kev  électron 
plasma  to  plasmons  /g/.      Using  the  resuit 
for  UE/dt)      from  référence  /9/,  we  have 
obtamed      ^      the  appropriate  asymptotic 


=  0)  which  ^ 


where  the  anal; 
prefactor 


Ivtical  expansion  for  the 

A  is 


(^^V  =  -(rfo)0.^no)fcti)-r'(o)KTHA«^ 

where     A,  =  );;'"C/S'>^^T 

and  C  is  Euler's  constant. 

ie)_:      We  have  also  studied  the  contrib- 
ution to  the  energy  loss  of  an  ion  in  an 
intermediate  quantim  électron  gas  due  to 
bmary  collisions,   (dE/dt),    .      We  have 
generalized  the  results  for  a 

classical  plasma  /lO/  along  the  lines  of 
référence  /il/.      We  have  obtained  a 
detailed  analytical  expression  for  (dE/dt) 
along  with  the  appropriate  Coulomb 
factor  (In A         for  the  laser-driven 
plasma. 

ifj.:      A  spécifie  expression  for  the 
electron-ion  contribution  to  the  thermal 
conductivity  for  a  plasma  of  arbitrary 
degeneracy  (ail  Z)  has  been  given  in  réf- 
érence /12/.      We  présent  the  following 


asymptotic  expansion  for  this  expression 
in  the  régime  of  Z      1     (  ^  ~:  o): 

where  ail  quantities  are  as  in  référence 

3.      DISCUSSION:      Detailed  comparison 
will  be  given  of  the  binary  collision  and 
collective  energy  loss  rates  in  the  final 
State  of  a  laser-driven  fusion  electron- 
lon  plasma,      We  will  also  make  spécifie 
compari sons  for  the  quantities  presented 
in  (a)     -     (f )  above  with  their 
corresponding  form  in  the  cases  Z  =  0 
^classical)  and  Z    =00  (totally  degener- 
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EFFECTIVE  BOUNDARY  CONDITIONS  FOR  A  PLASMA  IN  A  MAGNETIC  FIELD,  ADJACENT  WITH  AN  ELECTRODE 
V.A. Rozhansky. 

Kalinin  Polyteahnioal  Institute,  Radiophysiaal  Department,  Leningrad,  U.S.S.R. 


The  boundary  conditions  for  a  plas- 
ma, adjacent  v;ith  an  électrode  usually 
include  the  aurface  potential  distribu- 
tion. Since  the  potential  différence  in 
the  sheath  must  be  important,  if  s  impos- 
sible to  apply  thèse  conditions  for  the 
quasi-neutral  plasma  équations  directly. 
In  order  to  receive  the  effective  bounda- 
ry conditions  which  are  valid  for  the 
plasraa  équations  it's  necessary  to  exprès 
the  potential  différence  in  the  sheath 
as  a  function  of  the  particle  fluxes  to 
an  électrode.  In  the  abscence  of  maenetic 
field  this  resuit  v/as  obtained  in  /I/  for 
collisionless  sheath  and  in  /2,3/'  niimeri- 
cally  for  collision  dominated  one. 
1 .■  Collisionless  sheath  in  a  fully  ioniz- 
ed  magnetoplasma. 

V/e  shall  consider  the  case  of  an 
électrode  neÉ;atively  biased  with  respect 
to  plasma,  the  sheath  scale  soall  compa- 
red  v/ith  électron  cyclotron  radius  jOg 
and  potential  différence  in  the  sheath 

^ ^^Tq/q»  Electrons  that    reach  an 
électrode  must  have    normal  ener^y  at  the 
sheath  edge  (x=o,  HlIZ-is  parallel  to  an 
électrode)  exeeding  ef  ,  so  that  the  in- 
fluence of  the  plasma  electric  field  on 
such  électrons  can  be  ne£;lected.  The  cor- 
responding  orbits  are  almost  empty,  be- 


cause  the  particle  life  time  on  thèse 
orbits  m^c/ell  is  small  compared 

with  the  time  of  Coulomb  collisions.  So 
the  flux  to  an  électrode  is  equal  to  the 
fast  électron* s  flux  to  the  empty  région 
in  the  gamma  space.  The  kinetic  équation 
for  the  fast  électrons  /4/  with  the  zéro 
boundary  condition  v/as  solved  in  /5/.  The 
corresponding  flux  is  given  by: 

^(p)= '^jre'^nmej^/p^     ]        fie - 

-cyclotron  radius  of  the  fast  électrons 

with  the  energy  ef^. 

2,  Collisionless  sheath  in  a  partially 
ionized  magnetoplasma. 

Electron-neutral  collisions  transfer 
the  électrons  to  the  empty  orbits  and 
consequently  lead  to  an  additional  flux 
to  an  électrode.  VVe  shall  consider  the 
case  v/hen  the  total  cross-section  is  fi- 
ni te,  so  the  large-angle  scattering  gives 
the  main  contribution  to  the     flux.  The 
distribution  function  far  from  the  empty 
orbits  is  Maxwellian  one,  so  we  obtain/5/ 

H^-neutral  denaity  .G'-croas-section ,  Q  = 
Py-m^gX.  After  intergrating  we  have 
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The  expression  of  the  same  order  was  ob- 
tained  in  /6/,  but  the  distribution  fun- 
ction  was  considered  to  be  Maxvvellian  on 
ail  orbits.  Resuit  which  coïncides  whith 
(3)  was  obtained  resently  in  /7/  by  ano- 
ther  method.  The  électron  flux  caused  by 
electron-neutral  collisions  exeeds  the 
flux  connected  with  Coulomb  collisions 

Expressions  (2,3)  take  place  if  the  Max- 
wellian  distribution  function  far  from 
the  empty  orbits  is  supported  by  the  ele- 
ctron-electron  collisions.  This  leads  to 
the  coaiditions: 

If  the  collision  f requ'enc.y'J  i\ Zia^ef^)  is 
less  than  given  by  (5)  the  distribution 
function  is  depleted  on  ail  orbits  at  E > 
ef^  and  the  flux  can  be  calculated  as  a 
diffusion  flux  of  fast  électrons  from 
length  of  energ-y  relaxation  /I/. 
3.  Collision  dominated  sheath  in  a 
slightly  ionized  plasma. 

Kear  the  électrode  the  Boltzmann 
distribution  for  électrons  is  valid  and 
the  ionic  flux  is  determined  by  linear 
density  profile.  After  substituting  the 
quasi-neutral  solutions  into  Poisson' s 
équation  we  obtain  the  distance  where 
the  space  charge  becomes  significant 


(6) 


^n'^^^^"^^!  diffusion  coefficient ,  P^^- 
iiorraal  ionic  flux.  The  density  in  this 
point  is  given  by: 


The  potential  distribution  in  the  sheath 
can  be  obtained  neglecting  électron  den- 


ri 


(10) 


"ity:       rp    I  ■  

The  size  of  the  sheath  is  determined  by 
condition  that  the  électron  diffusion 
term  becomes  dominant.  The  potential  dif- 
férence in  the  sheath  is  given  by: 

♦  T  ^  M.'^     ^«'^'^^  )] 

The  potential  différence  between  the 
point  X  in  plasma  and  sheath  e^ 

Expressions  (9,10)  coïncide  with  the 
numerical  resuit  /3/  with  an  accurancy 
e* 
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GENERALIZED  OHM'S  LAW  CDF  UNSTEADY  STATE  IN  PARTIALLY  lONIZED  GASES 


Lu  Quan-Kang. 

Fudan  University,  Shanghai. 

A    generalized  Ohm' s  law  in  fuHv  to 
ionlzed  gases  has  been  given  by  Spitzer, 
and  a  slmilar  law  of  steady  state  in 
partlûlly  ionized  ^^ases  has  been  dn^-lved 
by  Cowlin^*'  and   An,<i'u.MoB-    ,^     ,  . 

We  hâve  deriveà  a  generalized  Ohm» s 
law  of  unsteady  state  in  partially  ionized 
gases,  provided  that  the  ionization  and 
recombination  processes  bave  reached  the 
dynamic  equilibrixim.        It  Is 


(1) 


where        ^=    Vto-'') ,  Jr^^^^ 


is  the  ionization  ce^ree,  n    and  are 
the  électron  and  atom  number  denslty 
respectively,      is  the  mean  collision 
frequency  b'etween  an  électron  and  an  ion, 

j;^l3  the  mean  collision  f requency  bet'.veen 
an  électron  and  an  atom,  JJ^   is  the  mean 
collision  f requéncy  between  an  Ion  and  an 
atom,  T  is  thè  Telocity  of  a  plasma  mass 
élément,        is  the  relative  mean  "velocity 
of  ions  wî^th  respect  to  the  plasma  mass 
élément,  j  is  the  électron  carrent  density, 
-e  is  the  électron  charge,  u{,^&nà  (A,i6.Te  the 
électron  and  ion  cyc^otron  frequency 
respectively,  f  and  B  are  the  electric  and 
magnetic  field  strength  respectively,  c  Is 
the  light  velocity  in  free  space.P  is  the 
pressure  of  plasma,  and        is  the  partial 
pressure  of  the  électron  gas. 

When  K*  (1)  reduces  to  a  more  conve- 

nient  form.    It  is 

ne  at  ~  nt  ^^^-^'^ 


'(P-Pe)e^^f]xs 

etc.  ^ 


(2) 


The    physical  meaning  of  intégral  terms 
in  (E)  caia  be  shown  by  the  following 
intégration: 

f[p(Vt%MyB<y]'<6ii-i  )  (3) 

where  LY2  is  some  midûle-value  of  7  in 
the  interval  (0,t).    In  (3),  the  middle- 
value  thebrem  has  been  used.  It  is  obvions, 
from  (2)  and  (3),  that  the  relaxation 
processes  of  neutral  partiales  partici- 
pât ing  the  whole  movement  of  plasma  élé- 
ment   is  expressed  by  the  intégral  terms 
in  Ohm* s  law.  '  ^  . 

In  the  Ilmtting  case        (  l.e.  A'^^  ), 
by  using  Ohm» s  Idw  t2)  and  Maxwell  «quat- 
iôns,  it  mfey  be  obtained  that  the  spéed  of 
Alfvén's  wave  la      /isr  afld  iS  not  » 
where        is  the  Alfvén  speed.  Thé  physical 
reason  of  this  resuit  îs  obvious.  As  J'*-"'  , 
the  neutral  atoms  don»t  participate  in 
the  oscillations  in  AlfTén  wave. 

Similarly  ,  if  we  use  (E)  instead  ©f 
^x^vxt^o  ,  the  dispersion  relation  of 
magnetohydromagnetic  wave  is 


(4) 


where  i-JzJLJs^ 

is  the  angle  between  the  wave  vector  k 
and  the  applied  magnetic  field,  co    is  the 
angular  frequency,  and  Tg     is  the  Sound 
velocity. 

Aso<=l,  A*»,  (4)  reduces  to  the  resul' s 
given  by  Alfvén  and  Fâlthammar. 

When  the  plasma  déviâtes  to  the  néutra- 
lity,  the  form  of  generalized  Ohm» s  law 
haS  to  be  corrected.  The  form  of  (1) 
becomes 


4  OZ^' [V^        [-  ^P.^chB  ^W] ^% 


(5) 
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wtere      is  the  electric  charge  denslty 
or  plasma. 

V/hen  the  plasma  approaches  the  steadv 
State,   (5)  reduces  to  the  form  siven 

/l«>^*tAfOô.• 
u  0.,'  a  .  (6) 
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ELECTROPHYSICAL  PRQPERTIES  OF  NON-EQUILIBRIUM  AEROSOL  PLASMA 
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St.idies  on  electrophysical  properties 
of  aérosol  plasma  iliP)  with  électron  den- 
sity,  n^,  controlled  exclusively  by  ther- 
mionic  or  photoelectric  émission  from  aé- 
rosol particles,  have  been  of  interest  for 
spacecraft  development"'" ,  MHD  energy  con- 
version^, plasma  chemistry  and  plasma-bas- 
ed  metallurgy-^.  The  non-ecj.ailibrium  plas- 
ma wliose  effective  électron  température 
exceeds  that  of  the  carrying  gas,  ^3*7^111' 
can  be  produced  (i  )  in  rapidly  expanding 
supersonic  aérosol  flows  whose  parti cle 
température,         (T^  =(0.13-0. 3  )eV  ) ,  due 
to  the  time  delay  in  the  interphase  heat 
transfer,  is  higher  than  that  of  the  car- 
rying gas,  T^,    (ii  )  through  the  électron 
heating  up  by  the  applied  electric  field, 
or  (iii)  through  the  exposure  of  the  aéro- 
sol to  photons  of  sufficiently  high  ener- 
gy. In  our  paper  the  détermination  of  AP 
parameters  is  discussed  taking  into  acco"-  c 
unt  the  non-eq^uilibrium  mentioned. 

Considered  is  the  case  of  an  infini- 
té AP  consisting  of  identical  spherical 
particles  of        radius  distributed  in  spar 
ce  randomly  but  uniformly  with  the  concen- 
tration,      ,  and  subjected  to  identical 
conditions.  For  simplicity  it  is  assumed 
that  the  particles  émit  only  thermoelectrc 


rons  having  the  Maxv/ell  velocity  distribu- 
tion corresponding  to  the  quasi-stationary 
température        (T^^T^^).  The  particles  ab- 
sorb  incidenting  électrons.  Also,  the  as- 
sumption  was  made  that  electron-elec tron 
collisions  could  be  neglected.  To  solve 
the  problem,  two  approaches  were  employed, 
the  approach  selected  being  determined  by 
the  ratio  between  the  mean-free-path  for 
electron-molecule  collisions  A  and  the 
action  radius  ^  of  aérosol  particles. 

If,  y^''3Cf  the  boundary  problem  should 
be  solved  to  détermine  n^  and  Tg.  In  this 
problem  it  is  assumed^  that  any  aérosol 
particle  is  located  in  the  centre  of  an 
electrically  neutral  sphère  of  R2  radius 
(N^-^  =  4TR^/3)  and  the  électron  distribu- 
tion function  (f(V)  )  should  be  found  from 
the  self-consi stent  problem,  that  is,  from 
the  Boltzman  kinetic  eq^uation  and  Poisson 

quation  written  for  the  electric  poten- 
tial  with  corresponding  boundary  conditi- 
ons at  R-]_  and  R2.  For  the  cases  when  the 
electric  field  near  a  particle  raay  be  con- 
sidered to  be  Goulombian  or  when  its  inf- 
luence on  électrons  motion  is  negligible 
{26  =  R-]_),  the  solutions  can  be  found  by 
the  momentum  method  in  its  linear  approxi- 
mation  (   (T    -  T  )/T  <<  1  )  with  the  allo- 
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wance  made  for  the  c^uasi-stationary  charge 
of  aérosol  particles.  The  analysis  of  so- 
lution indicates  that  the  non-iso thermal 
^  ^'^p^^m^  greater  électron  con- 

centration n^  than  the  isothermal  AP(T^=^) 
at  the  same  particle  température,  the  oth- 
er  conditions  being  equal. 

ffhen  X  =R-^  and  ^»R^,  the  aérosol 
particles  may  he  treated    as  gigantic  mo- 
lécules emitting  and  absorbing  électrons. 

In  the  framework  of  elementary  theo- 

4 

ry  ,  continuity,  motion,  and  energy  équa- 
tions are  used  to  clarify  the  influence  of 

alternate  uniform  electric  field,   E=E  coswt 
'  0  ' 

on  AP  parameters.  It  is  assumed  that 
field  does  not  heat  up  aérosol  particles 
significantly .  The  sim-ultaneous  solution 
of  the  eq^uations  was  found  for  two  extrême 
Cases  : 

{±)%a)^<l  and  {±±)%6):^i[Tf'(S^i''^f>}, 
\-ii7/3l,    \=lk^RlHpl3^  where^- 
relaxation  time  for  the  électron  tempéra- 
ture; V  -  mean  électron  velocity;  5-averar- 
ge  relative  share  of  energy  lost  by  élect- 
ron having  collided  with  a  nolecular.  The 
solution  obtained-  suggests  that  the  field 
influence  on  electrophysical  properties  of 
ÀP  may  be  neglected  (the  field  is  weak) 
when  E^«E^  =  i\o^rn  icJ^-^'^m,o)le\^„^^ 

On  the  contrary,  when  E^^lE^ 
(the  strong  field),  this  influence  is  pro- 
nounced.  Here  E^,  is  a  characteristic  field 
for  the  AP;  T         9         <t^      are  T^,  9^, 
t-rj,  correspondingly  at  E^  =  0;   e  and  m 
are  the  électron  charge  and  mass.  If  para- 
meters of  t£  are  those  given  in  Eef.5, 
that  is,        -^lo"^  cm"^;  R^'^'lO'^^cm; 


^e.o=V^m'^2.10\,<5'-l. 2.10-^9^  5-9. 

.10^  s"-^  and  G)  =  aa.lO^  s""^  is  taken  from 
Réf. 6,  then  Eg=5.2  V/cm.  Thèse  values  of 
E^  do  not  appear  to  be  excessively  high  as 
compared  to  fields  produced  by  the  modem 
radio  transmitters .  This  along  v.lth  other 
examples  indicate  that  the  conclusion  of 
Réf. 7  (lacking,  unfortunately ,  affirmation 
by  numerical  estimâtes)  according  to  which 
Tg  and  T^^^  could  not  differ  significantly, 
is  not  sufficiently  gênerai.  Heating  up  of 
électrons  in  the  AI  is  followed  by  the  de- 
crease  in  n^  and  change  of  Thèse  two 

factors  are  responsible  for  the  appearance 
of  heating  non-linearity  at  which  the  eleo- 
trical  conductivity ,     ,  becomes  dépendent 
on  Eq. 
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lonization  degree  of  positive  column 
plasma  in  noble  gases  is  usually  equal  to 
10"^  -  10*"^  and  depending  on  value  of  E/p, 
(electric  field  to  pressure  ratio)  the  in 
fluence  of  coulomb  collisions  on  plasma 
oharacteristics  can  be  considérable 
Sowever  the  rôle  of  this  factor  for  Xe 
tias  been  investigated  neither  expérimental 
ly  nor  theoretically. 

Earlier  calculations  /2,3/  performed 
without  coulomb  collisions  raade  it  possib- 
le to  correct  the  energy  dependence  of 
slastic  collision  cross  section  for  elect 
rons  in  Xe  and  to  discribe  the  dependence 
of  the  drift  velocity  and  of  the  ratio  of 
the  diffusion  coefficient  to  the  mobility 
coefficient  ûe^e    on  value  E/p    for  an 
E/p,  $  10  V/cm  torr.  However  calculated 
values  of  the  first  Townsend  ionisation 
coefficient  o6    are  4-6  times  larger  than 
expérimental  ones  A/.  This  means  that 
alectron  distribution  function  in  inelas- 
tic  région  is  determined  with  conciderable 
error  connected  with  error  in  inelastic 
cross  section.  Since  the  error  in  exitati- 
on  cross  section  is  more  greater  than  er- 
ror in  ionizing  cross  section  the  exitati- 
on  cross  section  was  corrected  to  provide 
the  agreement  between  calculated  and  expé- 
rimental data  for  an  E/p»  in  the  range 
from  20  to  30  V/cm  torr.  At  thèse  values 
E/p^  électron  distribution  has  considérab- 
le value  up  to  V  <  20  eV  when  extrapolati- 
on mistace  is  not  much  but  ionizing  cross 
section  is  measured  with  good  précision. 

Electron  distribution  was  calcxilated 
using  energy  dependence  of  électron  elas- 


tic  cross  section  from  /2/  and  of  ioniz- 
ing cross  section  from  /6/;  energy  depen- 
dence of  exitation  cross  section  is  given 

In  collision  intégral  elastic  elect- 
ron-atom  ,  electron-ion  ,  electron-elect- 
ron  collisions  and  exited  and  ionizing 
collisions  were  taken  ,into  account.  Ener- 
gy losses  at  inelastic  collisions  was 
assumed  to  be  equal  to  the  threshold  of 
inelastic  process. 

The  kinetic  équation  is  solved  by 
itération  method  allowing  nonlinear  integ 
ro-diff erencial  équation  transform  to 
linearized  récurrent  différenciai  equati- 

with  boundary  conditions 

and  with  normalization  requirement 

c  ji^  y.iy^cix  =  i 

Here  n  -  is  itération  number.  Energy  sca- 
le  is  chosen  in  accordance  with  c^nriition 

ijJii.)-0.  This  extremely  task  is  solved 
by  économie  method  /7/.  The  coefficients 

/O0<)t  %^)t  SCx )ancl  C2^Cjf  )  were  formed  with 
method  requirements.  Itérations  had  been 
performed  until  the  différence  between 
value  of  E/p,  determined  from  balance 
équation 

and  requirement  value  became  smaller  1%. 

Calculation  results  are  given  in 
Fig.1  -  4.  Fig.1  schows  examples  of  calcu- 
lated électron  energy  distribution 
for  various  values  E/p  and  J? 
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0      5      10    15    20    25  V,eV 
Pig.l  Electron  energy  distribution 
functions  in  Xe  at  various  E/p  and  ioniza- 
tion  degrees. 


10    20    30    40    50    E/p,V/cm  torr 
Pig.2  First  Townsend  ionization 
coefficient  at  various  ionization  degrees. 

One  can  see  that  co\ilomb  collisions 
increase  the  number  both  a  slow  and  fast 
électrons.  Significant  increase  of  the 
number  of  fast  électrons  with  increasing 
ionization  degree  p   results  in  rapid 
increase  of  Townsend  coefficient  for 
E/p      10  V/cm  torr  /Fig,2/.  Electron  dist 
ribution  déformation  at  low  energy  results 
in  strong  depending  of  électron  mobility 
on  ionization  degree  /Pig.5/.  This  effect 
would  be  more  strong  without  electron-ion 
collisions  exerting  influence  on  mobility 
f or  JD  i 1 0"* .  ffhereas  mean  électron  energy 
dépends  relatively  weakly  on  jO  .over  a 
wide  range  of  E/p  and  of  /Pig.4/. 
However  Ûq/j^^  ratio  increasing  \^  =  J'^V^' 
signif  icantly  at  smallj?  dépends  on 
much  strongly  keeping  nevertheless  differ 


0"^    10-^  p 
Pig«3  Electron  mobility  coefficient 
as  a  fxinction  of  ionization  degree  at 
various  E/p  • 


10"^    10~5    10"^  10"^ 
Pig.4  The  ratio  of  the  diffusion  coef- 
ficient to  the  mobility  coefficient  (  ') 

and  température  \^  s  ^<\/  >    (  )  as 

a  function  of  ionization  degree  at  various 
E/p  . 

ence  from         even  at  JC>  ^10"-^. 

Results  of  calculation  show  that 
coulomb  collisions  in  Xe  plasma  should  be 
taken  into  account. 
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g  THE  LINEAR  THEORY  OF  ELECTRON  PROCESSES  IN  THE  COLLISIONLESS  DIODE 


A.  Ya.  Ender  and  V.I.  Kuznetsov. 

loffe  Physiaal-Teahnical  Institute  of  the  U.S.S.R. 

Linear  électron  processes  will  be  ana- 
.yzed  assuming.that  undisturbed  potential 
LS  not  négative  in  ail  the  interelectrode 
jpacing  (cathode  potential  is  taken  to  be 
jero)  and  the  diode, being  considered,has  a 
3lane-parallel  geometry , with  a  planar 
smitting  cathode  and  an  absorbing  anode, 
^or  such  one-dimensional  case  the  électron 
concentration  is  defined  by  the  formula 
from  /I/: 

fe(-r^u°)i/°c/i/°        (  1  ) 


of  Soienoes,  Leningrad,  U.S.S.R. 


neC 


tiereT'',u°  -  time  and  velocity.at  which  an 
électron  leaves  the  cathode;fe   -  électron 
distribution  function  on  the  cathode 
(u°>0);G  and  Q  are  calculated  using  the 
following  formulas: 

(  ^  ) 

0 

In  thèse  expressions  the  intégrais  are 
taken  along  the  trajectory  of  the  particle 
TCt", u°  ), which  reached  the  point  T  at  the 
time  T  and  had  lef t  the  cathode  at  the 
velocity  u°;the  derivative  with  respect  to 
T°  is  calculated  at  the  fixed  values  of  t 
and  u°.  The  function  G  is  connected  with 
the  exchange  of  energy  between  électrons 
and  the  electric  field.while  the  function 
Q  expresses  the  change  of  the  form  of  the 
particle  number    conservation  law  in  the 
non-stationary  electric  field. 

^hen  a  disturbance  is  imposed,the  po- 
tential is  7(T,r)=  7o(V)  +  7(r)e"^'^'^.  Then  G= 


=G(T)e 


Q=Q(T)e~       .  On  linearizing 


(2)  with  respect  -to  q  ,we  get  for  G  and  Q 


Here  =/û!^^+2i^X)     -  velocity  of  the 

électron  on  the  undisturbed  trajectory  and 
z{^,u°)  -  time  of  flight  of  the  électron 
along  the  undisturbed  trajectory  from  the 
cathode  to  the  point  T 


In  order  to  solve  Eq.(4),we'll  introduce  a 
new  function  to  be  determined  P=Q'e'"'''^^/u° . 
The  boundary  conditions  for  P,namely ,F(0)= 
=0,Uo(V)J^PCCy^_=0  are  derived  from  Eq.(4). 
Twice  differentiating  the  équation  for  F 
and  having  in  mind.that  the  energy  conser- 
vation law  for  the  undisturbed  trajectory 
is  n  (T7)_u^  (^)/2  =  const  ,we  reduce  this 
équation  to  ^(u,^  d,^)^^^.  ^(^^ . 

Hence,finally  we  get 

By  linearizing  the  Poisson  équation  in  the 
vicinity  of  the  undisturbed  state  and  ta- 
king  into  account  the  fact,that  the  ion 
concentration  is  undisturbed, we  obtain, 
using  (3)  and  (6), the  following  équation: 


(  7  ) 


,Vith  the  boundary  conditions  7( 0)  =0 ,  7 ((î')=0, 
where  S  -  the  value  of  the  interelectrode 
distance  in  terms  of  the  Debye  radius. 

In  the  important  particular  case  of  the 
électron  beam  fg  (u° )=No-^(u°-Vo  ) , and  (7) 
transforma  into  the  équation 

which  after  the  introduction  of  the  new 
independent  variable  (5)  and  the  new 
function  to  be  determined 


(  8  ) 


F(^)  =  C^7(x)e'^'^V 


(  9  ) 
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takes  the  form 

u^F"-u^  F'^/^oVoF^Ti^o  e~''^^         (  10  ) 

with  the  boundary  conditions 

F(0)  =  0,    Uo-'(Z)^F(2)/^.-<,=  zif         (  11  ) 

Here  I  -  amplitude  of  current  disturbance. 
As  the  measurement  units  we  choose:  for 
time'OJ5  =  (45Te^No/m)  ,and  for  spatial  coordi- 
nate  Aq  =Vo  /o^b. 

Let's  find  the  solution  of  Eq.(IO)  for 
the  case, when /7o(T)  =  ae'Ç  (the  case  of  the 
constant  electric  f ield) , imposing  no  limi- 
tations whatever  on  the  value  ae  of  the 
field.  In  the  well-known  work  of  Pierce 
(see  /2/)  the  solution  is  obtained  for  36=0. 
In  the  case  of  the  constant  field  Eq.(lO) 
becomes 

(Z*Vo/ap)r"-F'-/Vo^G/ae  F-r3e(z-lAo/ap)'e-"^^  (  ^2  ) 

After  the  replacement  of  the  independent 
variable  z=kt^-Vo  /ae  and  the  unknown  func- 
tion  P=t^-y  (in  the  case.being  considered, 
jii=\»=2,  k=3?/4I\foVoj  Eq.(l2)  reduces  to  the 
non-homogeneous  Bessel  équation 

t'y"*tvV(tM)v  =  ^  e-^  (  13  ) 

Here  di=2VoVÏJl/»,  t=*v^T+2a^7v?T . 

Using  (11)  and  taking  into  account  (9) 
we  get  from  (13)  for  ^ (V) 

Here  Ti^(x,y)  =  J^(x)  •  Nj(y)-J/y)  •  Ni(x)  and  Ji(x)  , 
Wj^(x)  are  Bessel  and  ïïeiomann  functions  of 
the  i-th  order. 

In  the  particular  case  of  8e=0  Eq.(l4) 
after  using  the  asymptotic  formulas  for 
the  cylindrical  functions  transforms  into 
the  well-known  formula  of  Pierce 

^  "^'^o  (  15  ) 

The  solution  so  obtained  can  be  used 
for  analyzing  stability  of  the  diode  with 
an  arbitrary  undisturbed  distribution  of 
the  potential  in  the  région  '7^(T)iO, since 
such  a  distribution  can  be  well  approxi- 
mated  by  portions  with  constant, but  dif- 
fering  values  of  electric  field  atrength; 


it  should  be  noted,that  at  the  boundaries 
of  thèse  portions  the  condition  of  conti- 
nuity  of  the  functions  7(T),jy7(V)  and^.7(T 
is  satisfied.  The  necessity  to  satisfy  the 
condition  nU)=0  leads  to  the  dispersion 
relation. 


In  the  case,being  considered, i.  e.  '?o('^)  =  , 
^«Y,  the  dispersion  relation  is  of  the  form:' 


5  10  15  7a 


The  figure  présents  the  régions  (see 
hatched  areas)  of  the  aperiodic  diode  in- 
stability  in  the  plane  (^,7a),where  %  =  ^S 
-  anode  potential.  The  boundaries  of  thèse 
régions  are  defined  by  the  équation 

r22(^i^T^,^)-o  (17) 

At  %-*0  and  7o-'«''fche  solution  of  (17)  are 
(î^jrs/(l--3/i,7a)  and  (Î^Gs  ^o^-^^where  s=1,2,3,.., 
while  Cs-  constants, e. g.  Cj =2.1593  /3/. 

The  intercepts  (jr(2s-1  ,Jr2s)  of  the  axis 
%=0  correspond  to  Pierce 's  instabilities. 
As  is  shown  by  the  numerical  calculations, 
Eq.(l6)  at  ReoJ  ?sO  has  no  solutions.  Thus, 
in  the  case*^0,as  well  as  in  the  case  as  =0 
the  instability ,which  develops , when  the 
électron  beam  passes  through  the  collision- 
less  diode, can  be  only  aperiodic. 
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,  DEPENDENT  TRANSPORT  COEFFICIENTS  FOR  THE  TWO-COMPONENT  PLASMA 


W.  Rozmus. 

Jnstitute  for  Nuclear  ResearcK  00681  Uarsaw, 

The  time  dépendent  transport  coeffi- 
cients for  a  two-component  plasma  /TCP/ 
will  be  fotmd  by  systematic  application 
of  the  projection  operators  technique. 
Similar  problem  vas  recently  studied  by 
others  authors  (,1      [2]  ,  [3] •    We  consider 
here  a  weakly  coupled  TCP  described  by 
the  Vlasov-Landau  kinetic  équation,  line- 
arlzed  around  the  one-temperature  equili- 
brium  /without  extemal  fields/.   We  have 
found  the  important  différences  in  the 
behaviour  of  the  shear  viscosity  and 
friction  coefficients  as  compared  to  ana- 
logous  quantities  from 

The  kinetic  équation,  we  use,   can  be 
written  in  the  form 

/I./  dà^  s^^  v-:i-^tH^v.o=  0 

where,  V^  -  l*"-*^'*"^  1  stands  for  a  vector 
combining  the "spatial  Fourier  transforms 
of  the  dimensionless  déviations  of  the 
both  species  distribution  functions  from 
the  equilibrium  value,  '  q  ^\^.A'>  ^  ^® 
the  llnearized  Vlasov  opéra tor  raatrix, 
is  the  vmit  matrix  and    J  -  L      ^  A 

IH-  describe  collisions. 

V]  is  the  only  term  responsible  for 
coupling  betveen  électrons  and  ions. 

By  projecting  eq./l/  on  the  ten— dimen— 
•lonal  plasmadynamical  /PD/  subspace 
/cf  [^3^  /  we  dérive  the  generalized  PD 
équations 


Hoza  69,  Poland. 

fc 

/2/|9WO  +  9lS^V-S:i)pPKu)-\dtKh)PKii-^)  =  RU) 

where  P  is  the  projector  on  the  PD- 
subspace.   The  time  dépendent  transport 
coeficients  are  given  by  the  matrix 
éléments 

/3/  K^ai^  è''"%U5-S']]Q(-u..Qcs-:î-s'3iQT'' 

where  Q  =  I  -  P     is  the  projector  on 
the  non-PD  subspace,  and 

In  the  above    '^m''         the  Maxwellian  dis- 
tribution function,  Tç,    are  Hermite  poly- 
nomical  tensors  spanning  the  basis  of  the 
velocity  space.   An  explicit  évaluation 
ofK^e-/3/  is  done  by  perturbation  method 
with  the  accuracy  up  to  terms  proportio- 
ns 1  to  the  square  of  the  wave  vector. 
Moreover  the  naturel  extension  of  the 
Grad  13-moments  method   [Jt]   is  used  by 
introducing  the  flnite  dimensional  appro- 
ximation for  Q.   The  whole  velocity  space 
is  spanned  now  by  26  Hermite  polynomial 
tensors  /13  for  each  spacies/.   The  inver- 
sion of  the  opéra  tor   (- +  Q  (^S-'^-ÏQ  ")Q  ) 
is  now  straightf orward  and  requires 
knowledge  of  the  eigenf unotions  and 
eigenvectors  of  this  opéra tor  in  the 
finite  dimensional  subspace.   Thèse  were 
calculated  with  required  accuracy  in  k 
expansion.   Note,   that  we  should  keep 
éléments  of     (-l(0  ^  Ql  S--]  - "b]  )Q  V " 


C7-  526 


which  are  of  order  k  and  k^,  because 
there  are  quantlties  like  <çl5^1Q 
in  /3/  which  cannot  be  treated  as  small. 
/They  are  of  the  zéro  order  in  the  small 
mass  ratio     ^^^{^^Ui]/.    Thèse  terms  give 
rise  to  new  form  of  the  transport  coeffi- 
cient dissoused  below. 

Presenting  the  results  we  restrict 
ourselvea  ±o  the  viscosity  and  friction 
coefficients,   because  thèse  quantities 
show  essentiel  différences  with  those 
published  previously  [l]  .    For  thls  pur- 
pose  we  Write  down  explicit  expression 
for  the  Laplace  transform  of  the  dissipa- 
tive  part  of  the  pressure  tensor  TT^^ ,  oi,=  e.i. 

the  frequency  dépendent  shear  viscosity 
coefficients  are 

/5/  .  h.t^T  l^.-i^e].  OU) 

?f M  =  vio  WqT  [a  (  .-^e  -  )  _  A\A_.e"[,  0(.) 

Here  A'',c<=e,i;   J  =  1,2,3,   dénote  the  matrix 
éléments     of  the  Landau  collision  opera- 
tor.  Explicitly 
A^  =  -0.1HA       A.^=-0.i.eA        A*'=r  0.14  A 

where       is  the  plasma  parameter  î\  =  Wr/il^f 
and  wp^=li*iîfeV»/Me)  is  the  électron  plasma  f  re- 
quenry.   Expressions  /5/  d if fer  from  that 
in[l]by  terras  proportional  to  A  and  A^. 
By   inspection  thèse  terms  arise  from  the 
additional  terms  in  expansion  of  IC^  /3/ 
discussed  earlier 

For  the  friction  coefficient  ^  we  ob- 
tain  the  following  formula 
/6/  t;    ^/MOf,  '\  \m  [X^]  -  {A'{  ly  C-  ioo.Al) 
The  second  term  on  the  r.h.s.    of  /6/, 


usually     omitted,   contains  the  factor 

■   In  spite  of  this.    this  term 
should  be  kept  as  it  produces  contribu- 
tions of  order A  in  the  dispersion  laws 
for  the  plasmadynamical  modes  [5^ 
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\BOUT  THE  GENERATION  OF  A  "RESULTANT  DRIFT  INWARDS"  FROM  THE  BOUNDARY 
3F  A  D-T-PLASMA  BY  ELECTROMAGNETIC  FIELDS 


F.  Manfred. 

VoB,  Sevrpeistr.  25,  D-8  Mitnahen. 
\bout  the  génération  of  a  résultant  drift 
Lnwards  from  the  boundary  of  a  D-T-plasma 
Dy  electromagnetic  fields. 

\im:    The  -drift  at  the  boundary  of  a 

:ylindrical  plasma  shall  be  used  to  gene- 
rate  a  résultant  drift  inwards  from  the 
Doundary  of  the  plasma. 

1)  The  form  of  équations  for  the  motion 
Df  a  charge  in  an  E-B-field 

a)  in  x-y-2-coordinates, 

b)  in  r-^-z-coordinates. 

For  a  cylindrical  plasma  with  a  diameter 
Df  several  centimeters  or  even  meters  the 
squations  of  motion  in  x-y-z-coordinates 
:an  formally  be  transformed  in  those  for 
K-^-z-coordinates  by  replacing  x  by  r  and 
Y  by  i^,if  the  magnetic  field  is  strong 

snough  or,what  is  in  effect  the  same.the 
gyration  radii  are  small. 
Phere  exists  then  a  drift  in  a  small  vo- 
lume,which  is  analogous  to  that  in  x-y-z- 
coordinates  for  E=const.   and  B=const.. 
See  figures  1  and  2. 

2)  The  solution  of  the  équations  of  motion 
with  a  timedependent  magnetic  field 

B(t)   =  Bq  +  B^.cosft^ 
and  the  electric  fields 

^(t)=E^jcos«t  +  E^^sinfc^  and 


(•) 


EQ^cosWt  +  E^^s 
^(t)=E^^cos«t  +  E^^sinUt 


■"Or" 


The  figures  3  and  4  show  the  first  terms 
of  the  solution  v^(t)  and  v^(t), which 
have  nonlinear  terms  with  sinu/t.caused  by 
the  timedependent  magnetic    field  B^cosûJt. 
The    upper  long  expressions    are  achieved 
by  the  séries  development  of 


inft/t^ 


sintot  for 
The  lower  expressions  are  achieved 
the  aid  of  the  saddle  point  method  with 
the  collision  frequency         O.here  for  sim- 
plicity  with    /*=O.The  constant  terms  in 
the  expression  for        represent  in  a 
timedependent     field     B(t),E(t)   (*)  the 
résultant  drift:  r 

3)The  calculation  and  graphie  représenta- 


tif , 


tion  of  useful  b(t)-  and  i:(t)-fields  for 
the  résultant  drift. 

For  generating  the  résultant  drift  the 
fields  B(t)  and  E(t)  must  both  have  terms 
with  cosa;t,see  equs.(*)  and  (**).That  is 
possible, if  the  two  fields  B(t)  and  E(t) 
are  themselves  built  up  by  two  fields: 
B(t)  =  B^(t)  +  B2(t)  and 
E(t)  =  E^(t)  +  E2(t)  . 
Thereby     should  be  at  the  boundary .where 
the  résultant  drift  should  exist, 
for  example:  B  ^  (t  )-:^  Bg  (t  )  with 
Ei(t)«  E2(t). 
Then  the  résultant  drift  is  produced  by 
the  two  fields 

B(t)ft^B^(t)       and  E(t)ft?E2(t). 
which  fields  are  generated    with  desired 
phase    by  currents     in  two  separate  coils 
wound  around  the  cylindrical  plasma. 
The  figures  5  tiU  8  show  with  the  aid  of 
Fourier-Bessel-series  calculated  fields 
E(r,t)  and  B(r,t).By  appropriate  choise 
of  the  radius  of  the  coil  the  electric 
field  E(r,t)  is  generated  in  such  a  form. 
that  only  in  the  middle  of  the  plasma, r  =  0, 
and  at  the  boundary    E  vanishes,see  figu- 
res 5  till  7.  This  E-field  E^,  surely 
greater  than  that  E^  in  fig.  8  near  the 
zero-point  of  E^.In  the  opposite  the  mag- 
netic field  in  fig. 8  can  be  built  up  gre- 
ater than  that  of  the  figures  5  t j  1 1  7 
near  the  zero-point  of  E^   in  fig. 8, which 
lies  nearly  at  r  =  1,1  m.VJhen  the  plasma 
reaches  from  r=0  t i M  nearly  r=1,1  m,at 
the  boundary  of  the  plasma  the  desired 
E2(t)- ,B^ (t)-f ield  can  estab 1 i s hed  , wh i ch 
causes  the  desired  résultant  drift. 
The  fig. 9  shows    appropriate  parts  of  the 
field  curves  for  E  and  B. 
4)Equations  for  E^(t)  and  E^(t)   in  the 
plasma. 

If  you  set  in        and  v^  from  fig. 3  and  4 
into  the  équations  for  E^,  and  E^  from 
fig.lO.so  you  get  differential  équations 
with  periodic  coefficients     because  of  the 
sinCOt-terms, which  can  cause  instabili- 
ties.If  you  setST,  ^=0,the  équation  of 
fig. 10  for  EJ(t)  with  the  terms  A  and  T 
i  s  estab 1 i  shed  . 
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If  further  the  frequency  of  the  elec- 
tromagnetic  field.the  pl asma-f requenc ies 
6(/p5  ,  s  =  e  ,cl  ,t  and  the  cyc  lotron-f  requenc  ies 
JIq^  are  chosen  so.that    they  make  the 
term     A<1,what     should  be  poss  i  b  1  e ,  then 
the  wave  length  of        in  the  plasma  should 
nearly  the  same  as   in  the  vacuum.by  this 
sélection  of  the  frequency  a/  it  should 
be  possible  to  generate  in  the  plasma 
fields  E(t)   and  B(t),which  give  the  résul- 
tant drift  from  the  boundary  inwards  and 
suppress  otherwise    possible  i  n  stab  i  1  i  t  i  es. 


fig.2 


f  ig  .3 


^1 .  fUf^.^ifiOll  Af-'.^tlS,'f!'2.f,^^.t^l] 


f  ig  .8 


fig.9 


f  ig  .4 
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PFECT  OF  TRANSPORT  PROCESSES  ON  TOKAMAK  REFUELING  BY  PELLET  INJECTION 
L.L.  Lengyel. 

Ma^Planck-Institut  fur  Plasmaphysik,  D-8046  Garching,  EURATOM  Association. 


The  injection  of  frozen  hydrogen-isotope  pellets  info  hot 
plasma  is  considered  as  a  possible  method  for  increasing  the 
plasma  density  in  tokomaks  operoting  without  divertors  or 
for  replenishing  particle  losses  in  divertor-tokamaks.  The 
pellet  entering  the  plasma  is  rapidiy  vaporized,  the  vapo- 
rization  or  ablation  rate  being  a  function  of  the  energy  flux 
incident  at  the  peliet  surface,  i.e.  of  the  température  and 
density  of  the  surrounding  plasma.  The  ablation  rate  is  af- 
fected  by  such  phénomène  as  neutral  shieiding  (the  build- 
up  of  a  high-density  and  relatively  cold  bianket  around  the 
peliet),  electrostatic  shieiding  (chargîng  of  the  ablation 
cloud  with  respect  to  the  surrounding  plasma),  and  mogne- 
tic  shieiding  (réduction  of  the  energy  flux  carried  by  the  in- 
cident plasma  particles  to  the  peliet  by  partial  expulsion  of 
the  magnetic  field  lines  from  the  ablation  cloud).  Typical 
ablation  times  are  a  few  10  to  few  100  p  /!/.  Besides  the 
energy  transport  to  the  peliet,  the  mass  transport  from  the 
peliet  surface  is  of  primory  importance  in  this  problem. 
Since  the  time  scale  of  the  former  process  is  roughly  deter- 
mined  by  the  thermal  velocity  of  the  incident  (hot)  plasma 
particles,  whereos  the  mass  transport  from  the  peliet  sur- 
face (ot  least  in  its  immédiate  neighbourhood)  is  determined 
by  the  thermal  velocity  of  the  cold  ablated  particles,  the 
parameters  of  the  récipient  plasma  are  drastically  affected 
in  the  vicinity  of  the  peliet.  The  time  necessary  for  smoo- 
thening  (or  removing)  the  local  température  and  density 
gradients  produced  by  the  peliet  is  determined  by  the  trans- 
port processes  that  dominate  in  the  discharge  régime  consi- 
dered. Thèse  times  lie  in  the  ms-range.  Note  that  the 
transport  processes  aiso  détermine  the  characteristic  magni- 
tudes of  the  energy  and  particle  losses  inhérent  in  the  dis- 
charge régime  considered.  Hence  reliable  estimâtes  con- 
cerningthe  peliet  lifetime,  the  pénétration  depth,  and  par- 
ticularly  the  peliet  injection  frequency  required  for  main- 
tcining  o  given  average  density  level  (fora  given  peliet 
size)  con  only  be  obtained  if  the  relevant  transport  pro- 
cesses are  accounted  for.  Computations  based  on  the  coup- 


ling  of  peliet  ablation  models  with  tokamak  transport  codes 
/2,  3/,  or  transport  models  /4/,  may  yield  completely  dif- 
férent results,  depending  upon  the  type  of  transport  phéno- 
mène observed  and  neglected  in  the  respective  numerical 
models. 

Mense  et  al.  /2/  performed  calculations  for  typical  fusion 
reactor  conditions  (TNS  conceptual  reactor  design,  R=5m, 
Ogf*  1 .6  m,  T;  «  15  keV,  n  *  10^°  m""^)  by  neglecting  oh- 
mic  heating  (as  compared  to  hèating  by  neutral  beam  and 
alpha  particles).  In  thèse  calculations,  the  current  profile 
was  assumed  to  be  parabolic  and  constant  in  time,  and  par- 
ticle recycling  by  the  wall  v/as  omitted  from  considération 
(idéal  divertor  action).  Neoclassical,  pseudoclassical,and 
tropped  particle  effects  v/ere  included  in  the  définition  of 
the  energy  and  particle  transport  processes.  However,  as 
can  be  seen  from  the  results  presented  by  the  authors,  in 
the  température  range  considered,  pseudoclassical  effects 
hove  little,  if  any,  influence  on  the  particle  confinement 
time  and  other  discharge  characteristics;  the  trapped-par- 
ticle  modes  are  the  dominating  ones,  Since  the  trapped 
particle  modes  strongly  dépend  upon  the  amplitudes  of  the 
température  and  density  gradients  présent  in  the  plasma 
(in  the  trapped  électron  régime  the  diffusion  coefficient 
scales  as  the  square  of  the  électron  density  gradient),  the 
results  of  thèse  calculations  suggest  that  density  perturba- 
tions should  by  ail  means  be  avoided  in  the  bulk  of  the 
plasma.  Furthermore,  since  adverse  effects  resulting  from 
particle  recycling  at  the  v^all  are  not  présent  in  the  model 
considered,  Mense  et  al.  conclude  that  deep  peliet  injec- 
tion is  not  only  unnecessary  but  aIso  undesirable  under  re- 
actor plasma  conditions. 

Calculations  performed  for  a  present-day  tokamak 
(Asdex:  R  =  1 .65  m,  a  =  0.4  m,  T^ax  «  2  keV, 
"max  ~  5  ^  lO^'m"^)  by  allowing  for  a  wider  variety  of 
possible  transport  processes  /3/  yield  results  that  differcon- 
siderably  from  those  of  Mense  et  al.  In  thèse  computations 
three  collisional  drift  régimes  (with  Bohm    diffusion  as  li- 
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miting  process)  and  four  collisionless  drift  régimes  (trapped 
électron  and  trapped  ion  modes,  each  for  two  collisionali- 
ties)  were  taken  into  account,  Recycling  and  its  effects 
(impurity  transport  and  charge  exchange  collisions)  were 
fully  accounted  for.  Up  to  eight  générations  of  charge  ex- 
change neutrals  were  taken  into  account,  the  impurities 
were  restricted  to  oxygen  neutrals  and  ions  (up  to  eight 
groups).  The  distributions  of  the  poioidal  magnetic  field, 
current  density  and  safety  factor  were  calcuiated  in  a  self- 
consistent  manner.  Calculotions  were  performed  with  vari- 
ous  ablation  models  for  différent  pellet  sizes  and  injection 
velocities.  For  investigating  the  effect  of  the  ionization 
State  of  the  ablated  particles  on  the  transport  processes,  the 
ablating  pellet  was  considered  either  as  an  ion  source  or  as 
a  neutral  particle  source  traversing  the  récipient  plasma. 
The  results  of  thèse  calculotions  can  be  summarized  as 
follows  : 

(a)  The  différent  ablation  models  used  affect  primorily  the 
calcuiated  ablation  times  (pénétration  depths),  and  only  to 
a  less  extent  the  resulting  particle  confinement  times  and 
required  pellet  injection  frequencies. 

(b)  The  ionization  stote  of  the  ablated  parti  des  plays  a 
major  roie  in  defining  the  magnitude  of  the  resulting  par- 
ticle losses.  The  pellet  frequencies  required  for  maintai- 
ning  a  given  overage  density  and  computed  in  the  neutral 
particle  source  approximation  are  an  order  of  magnitude 
larger  thon  those  obtoined  with  the  ion  source  approxi- 
mation. 


(c)  The  rate  of  particles  losses  and  thus  the  required  re- 
fueling  rote  (pellet  injection  frequency)  is  determined  by 
the  transport  processes  dominating  in  the  discharge.  The 
results  of  pellet-plasma  calculotions  dépend  decisively  on 
the  transport  processes  taken  into  account,  or  neglected, 
in  the  respective  computer  models. 

(d)  The  computotions  perfonned  for  Asdex-conditions  with 
recycling  taken  into  account  indicate  that boundary  loyer 
fueling  may  require  very  high  pellet  frequencies  (close 

to  k  Hz  )  and  may  overload  the  divertor  pumps. 

Pellet  injection  in  the  central  plasma  régions  may  become 

necessary. 

(e)  The  proper  modeling  of  pellet-plasma  interactions,  of 
the  effect  of  charge  exchange  collisions  in  particulor, 
may  require  the  development  of  integrated  ablation-trans- 
port codes. 
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4  PLASMA  KINETIC  EQUATION  INCLUDING  STRONG  FIELDS  AND  INHOMGGENITIES 


Alf  H.  ®en. 

Department  of  Applied  Mathematics,  University  o. 
In  a  plasma  when  charged  particles  interact 
le  température  and  density  can  be  so  related  to 
le  strength  of  the  magnetic  field  that  the  helical 
smponents  of  the  particle  motions  can  not  be  neg- 
:cted  in  the  interaction  process.     The  condition 
)r  this  is  roughly  that    r^<'Xo   ,  where    r,.    is  the 
/roradius  and  "Xo   the  Debye  length  of  the  charged 
articles.    Collision  intégrais  that  are  supposed  to 
s  valid  under  such  circumstances,    [1]  -  [4]  are 
lore  complex  than  ordinary  collision  intégrais  for 
lasmas,  [s]  -  [?]  ,  although  various  simplifying 
ssumptions  are  made  in  the  dérivations:  The  homo- 
snity  assumption  is  always  made,  force  fields 
ther  than  the  magnetic  are  neglected,  and  the  par- 
cle  distribution  function  is  taken  to  be  isotropic 
1  velocity  space  transverse  the  magnetic  field 
ryrotropic  assumption).    Attempts  to  simplifythe 
erived  collision  intégrais  when  weak,  two  partide 
oUisions  dominate,  [zj  -  [4]  ,  have  resulted  in  a 
ather  rough  estimate  that  the  main  effect  of  the 
lagnetic  field  is  to  change  the  Coulomb  logaritm 
•om   ln(Xo/XL)    to    ln(rt/Xu)    in  Landau' s  collision 
itegral  when  >.L«    rL(<>.o).    Here  "Xt    is  the  di- 
tance  of  closest  approach, 

The  purpose  of  the  présent  paper  is  to  show 
dérivation  of  a  weak-coUision-integral  and  a  ki- 
etic  équation  when  inhomogenities  and  an  electric 
eld  are  taken  into  account  and  the  gyrotropic  as- 
umption  is  not  made  [s]  .  An  estimate  of  the  rela- 
ye importance  of  some  types  of  collisions  is  also 
lade  without  Fourier-transforming  the  relative 
istance  of  coUiding  particles  in  the  collision  inte- 
ral. 

We  study  a  one  component  gas  only.    As  star- 
ing  équations  we  take  the  first  two  équations  of  the 
IBGKY-hierarchy,  where  the  tripple  corrélation 
anction  has  been  neglected: 


'  Bergen. 

Here    f(i,t)  =  f(r£..  c;,,  t)   and    g(i,j,t)  = 
=g(r£..  Ci.'  £j  '  £j'  particle  distribution 

function  and  two  particle  corrélation  function. 
Ei=   E  (r-,  t)        and    B^.  =   B{ri.  t)    are  the  elec- 
tric and  magnetic  fields  evaluated  at    rj.  at  time  t 
and — is  the  Coulomb  interaction  force  between 
particles    i  and  j  .    The  cojipled  set  of  équations 
are  extremely  difficult  to  solve  in  ail  generality. 
Fortunately,  in  Eq.  (1)  we  need  to  know    g    only  for 
phase  space  coordinates  in  a  collision.    Such  a  g 
can  be  found  (approximately )  from  Eq.  (2)  when  we 
take    f   to  be  given  from 


This  is  due  to  the  fact  that  for  phase  space  coordi- 
nates in  a  collision  the  r.  h.  s.  of  équation  (1  )  is 
s  ma  11. 

Thus  we  solve  Eq.  (3),  then  substitute  the  re- 
suit into  the  r.h.  s.  of  Eq.  (2)  and  solve  Eq.  (2)  and 
then  substitute  the  resuit  for  g  into  Eq.  (1),  which 
then  constitutes  the  kinetic  équation. 

We  are  able  to  solve  Eq.  (3)  easily  when  E 
and  B  are  assumed  stationary  and  uniform  on 
scales  for  a  collision.    Eq.  (3)    then  gives 

jir..ç-.A)  =  s^a){(ti,<^-i>-^-^)  (4) 

where  the  operator    S_^(L)    transforms  positionand 
velocity  coordinates  for  particle   C,   backward  in 
time  according  to  the  équations  of  motion 


Eq.(2)  then  gives  for    g    (assuming  g(l,  2,  t  =  0)  =  0): 

g(u.i;KS.4^U)-5-i(i)S-iW)|at»o)/a.£-o)  (,) 

In  Eq.(6)   S_.j^(l,2)    is  the  operator  that  transforms 
the  position  and  velocity  coordinates  for  particle 
1  and  2  backward  in  time  according  to  the  équations 
of  motion  for  the  particles  in  a  collision: 
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Substituting  g  from  Eq.  (6)  into  Eq.  (l  )  then  gi  ve  s 
a  generalized  Boltzmann  équation.  The  usefulness 
of  that  équation  rests  upon  the  solution  of  the  dyna- 
mic  équations  (7),  which  in  3  dimensions  has  not 
been  obtained,  as  far  as  the  author  knows.  A  weak 
interaction  approximation  can  be  found.  Thus  in- 
stead  of  the  set  of  équations  (?)  we  solve 


(8) 


(9) 


where 

c 


Then  we  expand  g  from  Eq.(6),  with  respect  to 
weak  transfers  and  finally  arrive  at  the  foUowing 
équation  for    f  : 

;re 

Here    x  =  £ ^  -  r^^  and  M  (T)    is  the  matrix 

o  o 

We  observe  that  only  when    t-»00  in  the  upper  X  ■ 
intégration  limit    does  Ce*    correspond  to  the  col- 
lision term  of  a  traditional  kinetic  équation.  Also 
the  order  of        /C«t  is   lo/L  where  L    is  the 
scale  of  the  inhomogenitie s.  For  weak  inhomogeni- 
ties  we  can  découplé    f  from  the    x- intégrations 
in  Eqs.  (10)  and  (11).    We  assume  this  below, 
where  we  make  some  further  comments  on  Cet  • 

The  T  -integrand  in  Cet    can  be  written  in  the 

form 

Here  fc'=-Jî>Çti=Ç,-Çj,  û=^'(negativ  for  électrons). 
This  form  seems  to  reveal  two  différent  ranges  for 


I.Xxl»  (-fi) 
lxj«|f 


(13); 


(14) 


In  the  first  range  we  have  coUiding  particles 
with  trajectories  that  are  not  twined.    In  the  second; 
range  the  trajectories  are  intertwined.    When  the 
first  of  thèse  inequalities  prevails  the  C  J  -paren-  . 
thesis  in  the  nominator  of  Eq.(12)  dominâtes  over 
the  {  J  -  par  e  nthesis .    Since  the  transverse  compo-i 
nent  of  Eq.  (12)  therefore  oscillâtes  and  otherwise 
changes  only  very  slowly  during  each  oscillation, 
it  is  to  be  expected  that  the  contribution  to  the  col- 
lision intégral  is  quite  small.    The  remaining  longi-: 
tudinal  component  of  Eq.  (12)  corresponds  mainly 
as  T   grows  to  a  one  dimensional  collision  along 
the  magnetic  field  with  only  small  collisional  effects 

When  the  last  inequality  Eq.  (14)  prevails  and 
in  addition  1  2^11 1  <. we  roughly  have  for  X  close 
to  zéro  (xWlûlJ 

i.e.  almost  straight  line  trajectories  in  this  région 

This  sort  of  interaction  is  effective.    When  T>j|^ 

and  grows  while  ^^'^  ^re  unchanged  we 

have  an  interaction  that  looks  more  and  more  like 

a  one -dimensional  collision  along  the  magnetic 

field  which  has  only  small  effects.    When  Eq.(14) 

stiU  prevails  while  (;^,(|»|c,inl/lil|    the  ^-factor 
ai 

in  the  integrand  of  Eq.  (10)  points  almost  along  the 
magnetic  field.    This  will  make  the  contribution 
from  this  range  also  small  even  though  Eq.(12)  is 
not  mainly  along  the  magnetic  field  for  the  stripin 
theXjiT  -plane  given  by  |  X||  -  Çu)/"C  /  <  H.  . 

This  rough  estimate  may  indicate  when 

that  the  Xx  -  .2^/1  -  andT  -  ranges  which 
led  to  Eq,(15)  are  the  most  important  ones  in  Cej  , 
i.e.  the  closest  interaction  parts  of  the  intertwined 
collisions . 
Références. 

fl]  Rostoker,  N.   i960  Phys.  Fluids  3,  922. 
[2]  Schram,  P.P.J.M.   1969  Physica  45,  165 
[3]  Montgomery,  D.  et  al  1974  Phys.  Fluids,   H,  954 
[4]  Montgomery,  D.  et  al  1974  Phys.  Fluids,  Yl  2201 
[5]  Landau,  L.  D.   1936  Physik.  Z.  Sowjetunion,  JO,  154 
[6]  Balescu,  R.  i960  Phys.  Fluids,  3,  52 
[7]  Lenard,  A.   1960  Ann.  Phys.  (N.Y.)3,  390 
fs]  0ien,  A. H.  1979    J.  Plasma  Phys. 


OURML  DE  PHYSIQUE 


Colloque  C7,  supplément  au  n°7.  Tome  40,  Juillet  1979,  page  C7-  533 
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The  usual  macroscopic  électron  transport 
properties  are  functions  of  E/N  only  (  E.  is  the 
electric  field  and  M    the  gas  density) .   They  are 
not  valid  if  E  changes     signif icantly  along  a  mean 
free  path  or  if  a  boundary  effect  is  sensitive. 
Thèse  conditions  occur  in  the  dark  space  of  a  glow 
discharge  and  more  generally  in  the  cathode  vicini- 
ty  of  many  types  of  discharges.  Only  a  microscopic 
I   treatment  is  appropriate  to  this  situation.   A  solu- 
,   tion  to  this  problem  has  been  published  by  HANTZ5- 
CHE  as  soon  as  1966  [l]    .   However,   the  difficulty 
was  such  that  most  following  papers  dealing  with 
the  cathode  fall  go  on  using  macroscopic  coeffi- 
cients obtained  in  a  uniform  field.  Three  excep- 
tions were  the  Works  performed  independently  in 
:    the  authors'   laboratories  [2,   3,  4]   .  The  purpose 
of  the  investigation  is  to  obtain  ionization  growth 
in  the  cathode  fall,   energy  transfer  to  the  various 
processes  and  more  generally  to  solve  the  problem 
of  électron  energy  distribution  in  a  very  non  uni- 
form electric  field.  Since  the  problem  is  connected 
to  .many  applications  (gas  electrical  strength,  la- 
ser discharges,  instabilities)  ,   the  three  groups 
decided  to  interact  and  to  deuelop  the  différent 
techniques  using  the  same  set  of  conditions  and 
cross-section  data.  The  présent  paper  intends  to 
compare  thèse  méthode.   Only  the  électron  motion 
within  a  fixed  space  charge  distribution  is  analy- 


sed  ; 


this 


The 


s  the  c 
[2]  . 


At 


thode  fall  of  a  glow  discharge  ir 
a  pressure  of  1   Torr  (at  273  K   ),   E.   varies  linear- 
ly  from    ^  =  0      (cathode)   to     X.    =    d  =    1  •  3  cm 
(where    E  -  0   )  with  a  voltage  fall  of  150  V  .  The 
électron  current  at  the  cathode  is  2.84|jA/cm^  . 
In  addition,   it  is  assumed  that  the  distribution 
of  the  électrons  emitted  at  the  cathode  is  uniform 
between  0  and  20  cV    ,   that  scattering  is  isotrope 
for  every  type  of  collision  and  that  the  secondary 
électron  resulting  from  an  ionization  collision 
appears  at  0  energy. 

The  first  method   (MC)    is  a  Monte  Carlo 


simulation.  With  , 

scattering  has  been  taken  into  account  and  thi 
merical  techniques  have  been  much  improved  by 
precalculated  tables  of  collision  probabiliti 
The  second  method  (refered  to  as  BT 
Boltzmann,   transfer  of  energy)   is  based  on  transfi 


from 


energy 


ells  i 


;  well  developed  : 


[3] 


The  third  method  uses  a  change  of  va] 
bles  such  that  the  Boltzmann  équation  becomes  s 
lar  in  velocity  space  to  the  équation  for  neuti 
a  spherical  reactor  [4]  ;  it  is  refered  to  as  I 
Then  a  partition  of  the  sphère  in  shells  yieldi 
matrix  solution  of  the  System.  The  BN  results  1 
mainly  obtained  for  a  high  and  uniform 
For  a  linearly  decreasing  field,  the  El 
not  yet  entirely  reliable,   although  th 


eld  [4] 

lethod  is 


ation  ( 


the 


agréer 


1  under  : 


the  di 
which  is  : 
the  elect: 


Fig.  1  gives  the  variation  in  space 
■atio  M(X)  of  the  current  at  X  to  t^ 
:athode.  Fig.  2  and  3  display  respecti\ 
.vative  of  the  current  divided  by  the  c 
i  an  effective  Townsend  coefficient  C3t 
.  The  discrepancies  1 


1  density 


.mportant  fact 


be  discussed  in  much  détail  he] 
is  that  the  BT  method  is  itérative  in  principle 
(unless  the  exact  value  of  the  backscattering  at 
the  cathode  can  be  entered).  However,  a  truncation 
is  made  in  the  backscattered  distribution  at  some 
distance  in  order  to  limit  to  a  few  units  the  num- 
ber  of  itérations.  This  results  in  the  absence  of 
backscattered  électrons  at  high  and moderate  energy 
at  the  plasma  boundary  (E=0).    Backscattering  at 
this  boundary  is  also  excluded   in  the  two  other 
methods  for  the  purpose     of  comparison.   This  ex- 
plains  the  decrease  in  the  density    n     just  before 
K/d   =  1      since  the  backscattered  électrons  are 
lacking  there.   However  the  lack  of  backscattered 
électrons  in  the  BT  method  begins  to  be  sensitive 
from   x/a    ~  0.3  . 
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As  an  example  of  energy  partition  over 
;  processes,  Fig .  4  gives  the  variations 
of  the  excitation  rates  to  the  levels      2^5  and 
2^  P .  The  firpt  process  dominâtes  in'  the  cathode 
layer  whereas  the  second  does  in  the  dark  space. 

The  three  methods  are  not  équivalent 
neither  with  respect  to  the  computer  time  nor  to 
their  capabilities .    It  is  often  thought  that  Monte 


Carlo  computations  are  tedious  and  limited  by  com- 
puter time.  Howeuer,  in  the  présent  situation, 
considérable  improvements  of  the  numerical  techni- 
ques lead  to  a  computation  probably  faster  than 
the  others   :   A  run  with  1    000  particles,  which  is 
satisfactory  to  limit  the  fluctuations,  requires 
about  2.5  minutes  on  a  370   IBM  computer.  Moreover, 
as  already  mentioned,   some  crude  treatment  of  back- 
scattering  has  to  be  made  in  the  BT  method.   For  a 
future  self  consistent  solution  of  ion  and  électron, 
motion  via  Poisson  coupling,   this  BT  method  has  al- 
ready  given  preliminary  results  for  the  high  field 
région  [sj   but  it  seems  impossible  to  make  the 
bridge  between  the  high  field  région  and  the  posi- 
tive column.    On  the  other  hand,    the  other  methods 
which  can  take  into  account  électron  and  ion  motior 
similarly  with  no     assumption  on  backscattering 
seem  to  be  appropriate  in  the  future  for  a  self 
consistent  analysis  including  the  négative  glow 
where  diffusion  processes  are  important. 


Fig.   4  -  Excitation  rates  -    x  2  P  MC  method, 

02^P,   BT  method,  2"^    MC  method, 

  BT  method. 
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ELECTRON  DISTRIBUTION  FONCTION  AND  lONIZATION  IN  SPACE-DEPENDENT  PLASMA  THEORY 

I 

■  V.C.  Boffi,  V.G.  Molinari  and  G.  Spiga. 

I         Laboratorio  di  Ingeneria  Nuoleave  délia  Vniversitâ  di  Bologna,  Bologna,  Italy. 


The  application  of  a  unidirectional  electric  field 
to  a  gas  is  one  of  the  most  conmon  method  for  plasma 
production.    However,  also    in  the  simplest  cases, 
the  agreement  between  calculations  and  expérimental 
results  is  not  yet  completely  satisfactory.  ii  order 
to  improve  the  situation  a  better  undertanding  of 
ail  the  various  phenomena  involved  by  the  ionization 
growth  would  be  required.  This  work  is  aimed  at 
analyzing  how  a  nonmaxwellian  électron  velocity 
distribution  affects  the  ionization  processes.  On 
the  other  hand,  it  can  be  emphasized  that  the  micro- 
physical  knowledge  of  the  kinetic  behaviour  of 
électrons  is  a  necessary  basis  for  any  progress  in 
plasiTû  physics .    For  tlds  purpose  we  start  with 
the  intégral  form  of  the  stationary  Boltzmann 
equation*-^"^-*  that  governs  the  distribution  function 
f(x,v)of  électrons  interacting  with  an  infinité 
homogeneous  distribution  of  neutral  particles, 
namely    eo  t 

f(x.V)=  j  dt  e-^^^')^t^(^'^]'^"'  {Q[i(t),v(t)]  . 


.f(p,v')dv'     ,  (3) 

where  ^  and  K  are  the  results  of  the  application  of 
the  operator 
t 

T      |/v(t')irv(t')]  d^•+p.x(^)| 

(dte-L-'o  (3a) 
o 

to  q'(p,vCï))  and  k(v'->v  (t)),  respectively. 
If  k  is  a  kernel  of  finite  rank  n,  namely 

k(v'-^v)=        vt'^(v')i^(v),  (4) 

then  we  get 

    n  _^  

f(p,v)=  Q(p,v)  +    S  |.(p)<^).(p,v),  (5) 
1=1    ^  ^ 

where    4*1  application  of  the  operator, 

Eq.[3a),  to    <^  ^  (v(ï)),  and 


(6) 


Jdv'kCv'-^v  (t))f[x[t),v]|  . 


(1) 


R3 


j  In  Eq.(l}  Q  is  the  external  source,  the  collision 
frequency  vZ(v) =S^vZj- (v)  (r=S,R,I)  and  the  kernel 
k(v'_*v)  =  kg(vlyv)+  Vj  kj(v'-».v),  the  subscripts 
S,R,I  standing  for  scattering,  recombination  and 
ionization,  respectively,  and  Vj  being  the  mean 
number  of  électrons  produced  by  ionization. 

The  function  x(t)  and  v(t)  are  the  solutions  to 
the  électron  motion  équation,  and,  in  gênerai,  are 
given  by 

x(rr)=  x-XC^);  v[^)=  v-V(^) ,  v[t)=  ]  vCt)|  ,  (2) 
X(tj  and  VCt)  depending  on  the  external  field. 

Taking  a  threedimensional  two-sided  Laplace 
transform  with  respect    to  x  of  both  sides  of  Eq.(l) 
yields  the  intégral  équation 


i   f(^,v)=  J  e  f(x,^ 


■)dx  =  Q[p,v)+  J  K(p,v'^v). 


R, 


A-^(p)  =  J'v^^(v)$j^(p,v)dv;  B-^(p)=  Jv^^(v)Q(p,v)dv,  (7) 

the  coefficients  are  solutions  to  the  parametri- 
zed  algebraic  system 

ll(p)=    S    A^(p)^^[p)  +  B^Cp).  (8) 
m=l 

The  solution  f(p,v)  then  follows  from  Eq.(5)  as 


where  JT"    is  the  inverse  of  the  matrix 

The  problem  is  thus  solved,  requiring  only  the 
évaluation  of  the  intégrais  in  Eq.(7)  according  to 
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a  sui table  choice  of  Q,  and  of  the  two  sets  of 
linearly  independent  functions    >|'-[^(v')  and  <l>-^iv) 
(L=l,...,n).  In  order  to  get  the  original  f(x,v),its 
transform  f [p,v)  must  finally  inverted.    Then  the 
singularities  of  Q(p,v),  of  9^(p,v),  of  the  vector 
B(p)  and  of  the  matrix _T~  (p)  must  be  studied.  A 
particular  rôle  will  be  played  by  those  values  of  p 
which  are  roots  of  det  T(p)=0. 

An  explicit  application  of  the  theory  proposed 
above  has  been  processed  for  a  monodimensional  case 
ri-aracterized  by  a  constant  electric  field,  and  by 
a  simple  model  for  collisions.    This  case  has  been 
choosen  with^the  aim  at  exploring  the  existence  of 
pôles  for       (p) .  If  a  simple  pôle,  the  contribution 
of  which  will  domina te  asymptotically,  exists,then 
it  can  be  referred  to  as  the  f  irst  Tovmsenlionization 
coefficient  for  the  physical  situation  considered. 
for  a  différent  model  of  scattering  and  ionization, 
see  Réf. 5). 
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HE  BOHM-TYPE  THERMAL  LOSSES  FROM  A  HIGH-  PLASMA 

P.Z.  Chebotaev,  G.E.  Vekstein. 

I        Institute  of  Nualecœ  Physias,  Novosibirsk,  U.S.S.R. 


I        Gurrent  interest  to  the  propertiee  of 
high-  f)   plasma  is  initiated  by  a  number 
f  proposais  to  use  such  a  plasma     in  the 
'usion  Systems.  Most  often  discussed  pos- 
ibility  is  the  so-called  "wall"  (or  "non- 
lagnetic")  confinement  of  a  plasma  with 
ensity  Yl^  lo'''^  cm"-^  /1,2/.  In  this  con- 
"inement  method  the  only  rôle  of  the  mag- 
letic  field  is  to  reduce  transverse  therm- 
,1  conductivity ,  while    the  mechanical 
tquilibrium  of  a  plasma  is  provided  by  ri- 
;id  walls.  So,  the  "wall"  confinement  al- 
.ows  us  to  reduce  the  requirements     to  the 
lagnetic  field  strength  in  the  solenoidal 
)lasma  Systems  and  to  obtain   ji  =  30+300, 
iven  more    jb     (of  the  order  of  lO"^)  may  be 
.ittained  in  the  emploding  liner  devices 
^ith  rL«l0''^+10^°  cm"^  /3/.  Meanwhile,  the 
lynamics  of  high- jî»  plasma  cooling  possess- 
;s  some  distinctive  features  /4/.  The  rea- 
3on  is  that  the  plasma  kinetic  pressure 
nust  be  homogeneous  during    the  cooling 
Drocess.  Due  to  this,  a  hot  plasma  begins 
to  flow  to  the  walls  and  the  high-density 
aear-wall  layer  is  formed.  As  a  resuit, the 
iooling  time  of  such  a  plasma  can  be  sig- 
lificantly  decreased  /5/. 

In  our  communication  we  shall  consid- 
3r  the  cooling  of  a  hot  magnetized  plasma 
ïoming  into  contact  with  a  cold  wall.  A 
Bimilar  problem  has  been  recently  solved 


both  in  the  numerical  studies  /6/  and  in 
the  experiments  /!/.  So,  at  initial  moment 
a  hot  plasma  with  density  rio  ,  température 

X    and  magnetic  field  fills  the  tube 

of  radius     R     with  cold  walls.  The  mag- 
net^zation  parameter  of  a  plasma  = 
(Wn^O^i  ♦  thermal  conductivity 

y  -x-cTo /eHo'So  •  ^''^^^  heat  transport 
équation 

and  the  pressure  homogeneity  condition  it 
follows  that  the  whole  energy  flux 

In  the  cold  near-wall  layer,  where  T*^^  T^, 
and  the  thickness  of  which  A<<  R>  ,  we  have 
~    const.  At  the  same  time,  AT  =  0  at  the 
wall,  so  the  convective  heat  flux  is  small 
here,  and 

q  ^  -  âe         ^  coixst  (2) 


As  the  thermal  conductivity  32.    dépends  on 
the  magnetic  field,  eq.(2)  must  be  solved 
together  with  the  équation  for  the  magnet- 
ic field  variation  /8/: 


A  detailed  analysis  of  eqs.(2-3)  will  be 
presented  elsewhere.  Here  we  restmct  our- 
selves  only  to  a  qualitative  explanation. 
In  a  hot  région  the  magnetic  field  is 
frozen  into  the  plasma  and  takes  out  with 
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it  to  the  walls.  If  the  wall  is  perfectly 
conducting,  then  the  total  magnetic  flux 
is  conserved  and  the  magnetic  field  in- 
creases  in  the  near-wall  layer.  In  this 

case  the  plasma  cooling  time  is  Tg-^R^  Sj^^  , 

t 'A  " 
by  a  factor  of  0^      smaller  than  that  for 

the  low-pressure  (^<^<i  )  plasma.     If  the 
walls  are  non-conducting,  then  the  magnet- 
ic flux  takes  out  from  the  tube    due  to 
the  Nemst  effect  in  eq.(3)  and  the  mag- 
netic field  near  wall  remains  of  the  order 
of  its  initial  value.  As  a  resuit,  the 
heat  flux  to  the  wall  increases  by  a  fac- 
tor of     (^H'.'^Oo  "^9     reduces  to 
the  Bohm-type  value:  "^^ç"- R^D^  *,  \-cTo/€  H  ^  . 
Briefly  it  may  be  explained  in  a  following 
way.  Hot  plasma  cools  due  to  adiabatic  ex- 
pansion with  a  velocity    ITc  ~    /i^oT'û   ,  and 
heat  flux  «^(t)  may  be  found  by  taking  into 
accoiuit  the  balance  of  particles  between  a 
hot  plasma  and  a  near-wall  layer.  It  fol- 
lows  from  eq.(2)  that  the  number  of  par- 
ticles in  a  near-wall  layer  N^(t)'^R,R\^J„ /cjR 
Because  ^N^-rioV.R.- '^R/To      ,  we  détermine 
that  ,^ 

Such  a  dependence  is  valid  for  t  ^  .  ïïow 
for  the  cooling  time   Tg     we  have: 

R^cbcll  -aolç.\  v^'Ao^o^ft,  (5) 

0 

'Ne  have  also  carried  out  the  numeric- 
al  intégration  of  the  complète  set  of  plas- 
ma transport  équations,  The  plasma  parame- 
ters  have  been  chosen  close  to  those  of  im- 
ploading  linear  devices:  H  =  lO^^cra"^,  = 
=  10^  G,  T  =  lo"^  eV,  R  =  1  cm;  the 
walls  are  considered  to  be  non-conducting. 


The  profiles  of  température,  density  and 
magnetic  field  while  cooling  are  shown  in 
Pig.l. 


Pig.1 

The  cooling  time  is  plotted  in 

Pig.2  as  a  function  of  the  magnetic  field. 


Fig.2 

It  is  seen  that  this  dependence  is  close 
to  the  linear  one  that  corresponds  to  the 
Bohm-type  law. 
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«TERMINATION  OF  MACROSCOPIC  QUANTITIES  FOR  A  TOWNSEND  DISCHARGE  IN  HELIUM 
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IP.  Segur,  S.  Pareathumby,  M.  Yousfi  and  E.  Marode  . 
Laboratoire  associé  au  C.N.R.S.  N°277,  Centre  de  Physique  Atomique,  118,  route  de  Narbonne, 
21077  Toulouse  Cedex. 
'^■Laboratoire  de  Physique  des  décharges.  Ecole  Supérieure  d'Electricité  Plateau  du  Moulon,  91190 
Gif-sur-ïvette. 


We  compare  the  results  obtained  in  the 
study  of  a  weakly  ionized  gas  for  a  Townsend  dis- 
charge which  is  developped  in  a  steady  uniform 
field.  This  study  has  been  carried  out  in  two  labo- 
ratories  :  firstly  at  the  Centre  de  Physique  Atomi- 
que de  Toulouse  using  Boltzmann  équation  (1)  and 
secondly  in  Paris  (Ecole  Supérieure  d'Electricité) 
by  Monte  Carlo  simulation. 

A  lot  of  papers  has  becn  devoted  to  the 
microscopic  study  of  weakly  ionized  gases  in  stea- 
dy uniform  fields.  However,  most  of  them  deal 
with  homogeneous  states,  which  are  attained  far 
from  the  walls  i.e.  when  the  électrons  are  in  equi- 
librium  with  the  electric  field.  In  many  cases  too, 
thèse  studies  deal  with  low  values  of  the  ratio  elec- 
trie  field  upon  pressure  (E/P)  ;  we  then  have  a 
'    great  number  of  collisions,  and  the  mean  free  paths 
are  much  smaller  than  the  gap  length.  For  high  va- 
lues of  E/P,  when  the  mean  free  paths  are  almost 
as  great  as  the  gap  length,  the  methods  of  resolu- 
tion of  the  Boltzmann  équation  normally  used  are 
15'   no  more  valid.  For  such  a  case  we  developped  a 
new  technique  based  on  the  collision  probability 
method  well  known  in  neutron  physics.  The  method 
consists  in  a  splitting  of  the  phase  space  in  spheri- 
cal  shells.  The  distribution  function  is  assumed 
"    constant  in  each  shell.  This  générâtes  a  linear  sys- 
.jrj    lem  of  équations  in  which  the  éléments  P^  ^  of  the 
jjfl  principal  matrix  can  be  considered  as  the  collision 

probability  that  an  électron,  initiated  in  shell  i, 
5ÎÈ,  undergoes  collision  in  shell  j.  If  we  assume  the 
electron-atom  collisions  to  be  isotropic,  the  reso- 
lution of  the  linear  System  of  équations  gives  us 
the  isotropic  part  0  of  the  électron  distribution 
function.  A  good  number  of  the  macroscopic  quan- 
tities  ruling  the  discharge  can  then  be  obtained 

1 


from  Çl  only  (Electron  density  n^,  mean  energy 
Em,  excitation  rates  "))  ^  etc.  .  .  ).  The  other  quan- 
tities  (current  J,  drift  velocity  V^.  .  .  )  are  derived 
from  a  simple  quadrature  of  the  initial  Boltzmann 
équation. 

Contrary  to  the  Boltzmann  équation  appro^ 
ach,  the  same  Monte  Carlo  method  can  be  used 
for  both  low  and  high  values  of  E/P.  The  program 
we  have  developped  is  thus  valid  in  the  two  cases. 
The  only  difficulty  may  eventually  come  from  the 
Computing  time  which  may  be  prohibitive  in  the 
low  E/P  case  due  to  the  great  number  of  collisions 
involved. 

To  compare  the  two  methods  we  choose  a 
Townsend  discharge  between  plane  parallel  plates 
in  hélium.  The  voltage  applied  is  150  volts  corres- 
ponding  to  E/P  and  P.  D.  values  (D  is  the  gap 
length)  of  1  00  V.  cm"'^ .  Torr"^  and  1  Torr.  cm. 
respectively.  We  take  a  constant  électron  velocity 
function  at  the  cathode  of  maximum  energy  5  eV 
and  we  assume  the  anode  to  be  perfectly  absorbing. 

In  figure  1  we  give  the  électron  energy  dis- 
tribution function  obtained  by  the  two  methods  for 
the  same  position  in  the  inter  électrode  space.  The 
functions  show  similar  behaviours  in  both  cases. 
Fig.  2  shows  the  variation  of  the  mean  energy  Em 
with  the  distance.  The  results  are  in  very  good 
agreement  for  the  two  methods.  The  energy  first 
increases  sharply  from  the  cathode,  then  oscillâ- 
tes around  a  mean  value.  Finally  Em  grows  in  the 
proximity  of  the  anode.  This  is  in  accordance  with 
the  continuity  équation.  The  électron  density  varies 
inversely  as        or  Em.  Towards  the  anode  there 
is  a  drop  in  density  due  to  absorption,  and  thus  an 
increase  in  the  energy. 

The  curve  is  displayed  in  fig.   3.  The 
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1  -  Pareathumby  S.   :  Thèse  3°  cycle,  n°  2179, 
Toulouse  (1978). 
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WAVE  PROPAGATION  IN  A  CYLINDRICAL  GEOMETRY 


H.  Akiyama,  T.  Yamada  and  S.  Takeda. 

Department  of  Eleatrical  Engineering,  Nagoya  Universi: 


Abstract:     The  propagation  of  the  normal  modes  in  an 
ion-beam-plasma  System  and  the  ion-acoustic  solitary 
waves  is  studied  in  a  cylindrical  double  plasma  de- 
vice.     After  the  fast  ion-beam  modes  and  ion-acous- 
tic solitary  wave  concentrate  at  the  center,  den- 
sity  dépressions  émerge.     Thèse  phenomena  are  in 
good  agreement  with  the  results  of  the  computer 
simulation  about  the  cylindrical  ion-acoustic  waves. 
INTRODUCTION: 

Hershkowitz  et  al.  observed  the  cylindrical 
standing  waves  produced  by  the  ion-ion  beam  insta- 
bility  (1),  and  the  cylindrical  ion-acoustic  solita- 
ry waves  (2).     However,  the  report  about  the  propa- 
gation of  the  cylindrical  ion-beam  modes  is  not 
found.     About  the  ion-acoustic  solitary  waves,  their 
expérimental  results  of  the  propagation  velocity  and 
the  half-width  are  not  in  agreement  with  the  theory. 

In  this  paper,  the  propagation  of  the  cylindri- 
cal ion-beam  modes  and  ion-acoustic  solitary  waves 
is  experimentally  studied,  and  the  obtained  results 
are  compared  with  the  theory  and  computer  simula- 
tion. 

EXPERIMENTAL  DEVICE: 

The  cylindrical  double  plasma  device  used  for 
the  experiment  consists  of  the  two  concentric  argon 
plasmas  separated  by  an  mesh  grid.     The  inner  plasma 
of  67  cm  in  length  and  32  cm  (or  16  cm)  in  diameter 
is  produced  by  the  discharge  between  the  several 
filaments  and  both  end  plates  as  the  anode.  The 
outer  plasma  is  produced  by  the  discharge  between 
the  filaments  and  the  cylindrical  mesh  anode  of  40 


cm  in  diameter.     The  typical  operating  parameters 
are  the  électron  température  Te  =  1  to  2  eV,  ion 
température  Ti  =  0.1  to  0.2  eV,  plasma  density  Np  ~ 
lO'  to  10^  cm-^  at  the  pressure  P  =  2  x  lO""  Torr  of 
Ar  gas. 

PROPAGATION  OF  ION-BEAM  MODES: 

After  the  steady  ion-beam  is  injected  into  the 
inner  plasma  by  the  potential  différence  V  between 
the  mesh  and  plate  anodes,  the  repeated  puise  sig- 
nais with  the  puise  width  of  3  ysec  and  amplitude  of 
1  V  are  superimposed  on  voltage  V  to  excite  the  ion- 
beam  modes.     The  steady  beam  velocity        can  be 
varied  by  V. 

The  spatial  évolution  of  the  ion-beam  modes  is 
shown  in  Fig.l,  where  F,  S  and  I  are  the  fast  and 
slow  ion-beam  modes,  and  ion-acoustic  mode  respec- 
tively.     The  fast-beam  and  ion-acoustic  modes  are 

sity  puises,  and  the  slow-beam  mode 
is  the  négative  den- 
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We  flrst  consider  the  linear  theory  of  the  ioi 
beam  modes  in  the  cylindrical  geometry  to  explain 
the  expérimental  results  except  near  the  center. 
The  following  formulas  are  readily  obtained  from  tl 
continuity,  motion  and  Poisson  équations. 


1 

-)=  Cg 


(1) 


'Np  +  Nb'  Vb 

where  Vp,  N^,  n  and  Cg  are  the  phase  velocity  of  the 
ingoing  fast-beam  mode,  the  steady  density  of  beam 
ions,  the  perturbed  density  of  the  ion-beam  mode  and 
the  lon-acoustic  velocity  respectively .     The  theo- 
retical  curves  obtained  from  eqs.(l)  and  (2)  are 
close  to  the  expérimental  results  for  n  and  Vp  at 
the  radial  position  r  >  2. 

The  fast-beam  mode  grows  with  the  propagation, 
and  the  density  dépression  appears  at  the  center. 
This  dépression  spreads  with  the  outward  propagation 
of  the  fast-beam  mode.     Then  the  density  humps  form- 
ed  inside  the  dépression  are  observed  by  the  more 
detailed  measurement  from  27  psec  till  37  usée. 
Thèse  humps  with  the  ion-beam  velocity  propagate  in- 
wards  and  outwards  finally  to  approach  the  density 
of  the  steady  state. 

PROPAGATION  OF  ION-ACOTT"TIC  SOLITA^Y  WAVE: 

The  ion-acoustic  solitary  wave  is  excited  by 
the  positive  half  sine-wave  puise  applied  to  the 
anode  of  the  outer  plasma,  where  V  is  nearly  equal 
zéro.     The  diameter  of  the  inner  plasma  is  changed 
to  16  cm.     In  Fig.2  is  shown  the  dependence  of  the 
amplitude  and  wldth  of  the  ion-acoustic  solitary 
wave  on  the  radial  position  r,  where  n,,  ,  6n  and  D 
are  the  steady  plasma  density,  the  perturbed  density 
and  the  wldth  of  the  solitary  wave  respectively. 
The  solid  line  of  6n/no  is  the  theoretical  line  con- 
sider ing  the  Landau  damping  of  the  solitary  waves. 


the  square  of  the  width  is  within  the  theoretical 
values  (3  =  4.3  for  T^/T^  =  0.1,  g  =  6  for  T^/Te  = 
0)  consider ing  the  ion  température  Ti.     The  velocity 
U  of  the  solitary  wave  is  U  =  CgCl  +  aôn/n^).  The 
value  of  a  measured  at  the  fixed  radial  position  is 
nearly  equal  to  1/3  predicted  by  the  theory. 

After  the  ion-acoustic  solitary  wave  concen- 
trâtes at  the  center,  the  density  dépression  appears 
same  as  the  fast  ion-beam  mode.  The  density  humps 
observed  in  the  experiment  of  the  ion-beam  modes  are 
not  observed.  The  spatial  évolution  of  the  solitary 
wave  is  in  good  agreement  with  the  simulated  results 
(4). 
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1.  Introduction 

In  récent  years  much  attention  has  been  devoted  to 
the  problem  of  nonlinear  susceptibilities .  We  dis- 
cuss  here  two  effects  which  are  related  to  the  sus- 
ceptibility  perturbation  induced  by  a  nearly  mono- 
chromatic  wave  packet,  traveling  in  an  infinité  ho- 
mogeneous  and  isotropic  plasma,  due  to  the  non- 
linear motion  of  the  partiales. 

From  a  macroscopic  point  of  view  the  wave  packet 
will    behave  as  a  dielectric  perturbation  moving 
with  the  group  velocity,  w  =  (9tj/3k)     ,  which  can 
become  relativistic  if  its  main  frequêncy  is 
much  larger  qhan  the  électron  plasma  f requency ,W^. 
ine  waves  whîch  can  be  excited  in  this  plasma  will 
interact  with  this  rapidly  moving  perturbation  and 
will  undergo  a  partial  reflection.  The  resuit  is 
very  similar  to  the  classic  relativistic  mirror 
effect,  with  a  significant  frequency  upper  shift  of 
the  reflected  wave.     On  the  other  hand,  each  parti- 
ale of  the  plasma  will  give  rise  to  a  nonstationary 
electric  field  when  submitted  to  the  dielectric  per; 
turbation  and  the  resuit  is  the  émission  of  a 
transition-like  radiation.     It  is  the  aim  of  the 
présent  work  to  discuss  thèse  wave  and  partiale 
interactions  with  the  nonlinear  dielectric  perturb£ 
tion  induced  by  a  strong  quasi-monochromatic  wave- 
-packet. 

2.  Nonlinear  dispersion  relation 

Using  Maxwell 's  équations  and  the  relativistic  fluid 
équations  for  the  électrons  we  can  easily  obtain  the 
nonlinear  dispersion  relation  for  an  electromagnetic 
mode  (u,        in  the  présence  of  a  large  amplitude 
electromagnetic  wave  (w    ,k  ): 


,2  2 


(1) 


where  the  nonlinear  plasma  frequency  is  given  by 

4  =  -5  — '  c  (2) 

and  the  coupling  coefficient  relating  the  two  modei 


k,=  k  ±  k  and  cj^  =  u  î  w  .     The  dispersion  relation 

±  o  ±  o 

dépends  on  the  value  of  the  density  of  energy 

=    ^°     j  E((jj^,k^)  I  ^  and  the  variation  of  in 
space  and  time  leads  to  a  nonstationary  plasma 
situation. 

3.  Relativistic  mirror 

Suppose  now  W    changing  rapidly  in  a  time  scale  of 

u)  ^  and  over  a  distance  k     .     We  can  then  assu- 
me a  sharp  boundary  of  infinitésimal  thickness 
Connecting  the  free  plasma  and  the  plasma  submitted 
to  the  quasi-monochromatic  puise  (u^,  k^) ■  The 
reflection  of  an  incident  field  E^(u),  k)  on  the  mo- 
ving boundary  can  be  calculated  using  a  Lorentz 
transform  to  the  frame  boundary.     In  this  frame  we 
have  two  différent  média  at  rest,  with  refractive 
indices     (see  Fig.  1)  : 

.^^l/2  .  M_n2   /..,. 2,1/2 


(l-i 


) 


N' 


) 


(4) 


where  u    is  the  Lorentz  transformed  frequency  of 
the  incident  wave.  Inow  we  can  use  the  Fresnel  for- 
mulae  to  calculate  the  reflection  coefficient,  at 
normal  incidence,  and  we  get: 


N'-N 


.>2 


(1-Wk  /w  )N  +N 


where  X^^'  ^ 
quency  of  the  i 


0)"   =U)    (1+  - 


W  ,k"=u)"/c  and  ui"  is  the 
cted  wave  in  the  laboratc 


-  )   (1  ■ 


1/2 


(6) 


Eq.(5)  shows  that  the  reflection  coefficient  is 
always  of  the  order  of  the  nonlinear  susceptibilii 
Xj^j^.in  the  laboratory  frame.  And  we  see,  from 
eq.(6),  that  the  frequency  of  the  reflected  wave  t 
is  considerably  larger  than    u,  ifw  =  o 
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4.  Transition  radiation 

Let  us  consider  nowtheplasma  particles  interacting 
with  the  moving  boundary.  In  the  moving  frame  each 
particle  bas  velocity  v  =  -  w,  if  we  neglect  the 
influence  of  tbe  température.  Wben  the  particle 
goes  from  the  free  région,  described  by  N'^^,  to  the 
région  described  by  N'^,  it  créâtes  a  nonstationary 
electric  field  whose  spectrum  is  given  by 


E(co')  ^ 


exp(i    6  R) 


(7) 


Where  B  =  (v'/c)N'^  and  &  is  a  form  factor  describ- 
ing  the  angular  pattern.  This  expression  is  valid 
at  very  long  distances  R  from  the  transition 
boundary.     It  can  be  shown  from  this  équation  that 
the  radiation  emitted  by  the  particle  has  a  sharp 
maximum  in  a  direction  nearly  paralled  to  the  par- 
ticle trajectory  and  that  significant  levels  of 
radiation  can  only  be  obtained  for  bi^>  111^  .  Using 
eq.    (7)  we  can  deduce  the  following  expression  for 
the  total  energy  radiated  by  a  particle,   in  the 
laboratory  frame: 


(  ■ 


-y     In  (4  - 


-  ) 


(8) 


Where  A=a)^  ^l^'^o^  and  1  <  et  <  3.  We      see  from 
eq.(7)  that  E  (o)')  is  proporcional  to  the  electric 
charge  and  is  independent  of  the  particle  mass.This 
means  that  the  total  energy  emitted  by  the  plasma 
in  nearly  zéro,  unless  the  plasma  is  slightly 
non-neutral.     For  example,  suppose  a  plasma  of 
density        =  10^^  cm"'^  crossed  by  an  électron  beam 
of  small  density,  n^«  n^  and    small  velocity, 

W,  The  transition  radiation  produced    by  a 
strong  electromagnetic  wave-packet  which  is 
launched  in  this  plasma  is  given  by: 


Even  for  moderately  high  energy  W^,  such  that  the 
nonlinear  susceptibility  X^l^'^o^     ^®  °^         order  of 
(a  Wp/o)^)     «  1,  we  get  1  m  Watt  of  radiated  power, 
with  a  very  weak  électron  beam,  n^/n^  ~  10~^.More 
detailed  discussions  of  thèse  can  be  found 
elsewhere 


/l/  J.T.  MENDONÇA,  J.  of  Plasma  Phys.   (1979);  to  be 
published 

72/  J.T.  MENDONÇA,  Internai.  Report  CEL-1/79 .Lisboa 
(1979). 


FIGURE  1  -  Geometry  of  the  problem:   S  is 

the  laboratory  frame;  S'   is  the  moving  frame; 

ei((i),k)  the  linear  dielectric  constant 

of  the  plasma;  Czi'^.k;^  )  is  the  dielectric 

constant  in  the  présence  of  the  strong  wave 

(i^^.k^) 
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An  analytic  solution  for  the  free  expansion  of 
a  collision-free  strongly  magnetised  plasma  is 
presented.  The  solution  obtained  is  of  interest  in 
connection  with  solar  flares  and  laser  produced 
plasmas.  It  is  shown  that  a  wavefront  develops 
which  travels  at  twice  the  fast  magnéto  -  acoustic 
speedjlimiting  the  ion  émission  velocity  to  this 
value.  This  contrasts  with  the  case  of  the  free 
expansion  of  an  unmagnetised  plasma^ ^  \where  the 
maximum  ion  émission  velocity  is  determined  by 
other  effects. 

The  initial  conditions  for  the  problem  are. a 
quasineutral  cold"ion  collision-free  plasma  slab 
strongly  magnetised  in  the  z  direction  by  a 
magnetic  field      .  The  source  plasma  électron 
density  and  température  are  n^and  T^  respectively 
(see  fig.   1 ). 


< — 

0 

è  0^ 

Figure  1 . 
Schematic  of  initial  conditions 


Neglecting  électron  inertia  the  ion  momentum 
and  continuity  équations  are   (  for  n^  =  n.  =  n 

and 

whére  n  and  Ze/M  are  the  ion  number  density  and 
charge  to  mass  ratio  respectively ;v  is  the  ion 


velocity  in  the  x  direction  and  ail  quantities 
are  assumed  to  vary  in  the  x  direction  alone. 

For  a  sufficiently  strong  magnetic  field  the 
magnetic  flux  is  frozen  into  the  plasma  so  that 

B/n  =  const.  =  B^/no  (3) 
at  a  fluid  particle.  Since  the  plasma  électrons 
are  tied  to  the  field  lines  thermal  conduction 
from  the    source  plasma  is  strongly  inhibited  and 


issumed  so  that 
{h) 


an  adiabatic  expansion  may  alsi 

P/n**  =  const. 
The  expansion  has  two  degrees  of  freedom  so 
y  =  2  and  eqn.  becomes 

kT/n  =  const.  =  kTo/n^  (5) 
Substituting  équations  3.  and  5.  into  eqn.  1. 
then  gives 


^  âx 


(6) 


where         (  ■\^+      )  is  the  fast  magnéto- acoustic 
speed  and  v„=  B„/(/fcMrt^'^  C^=  (2ZkT,/M)^. 

We  now  look  for  self-similar  solutions  to  the 
problem  of  the    free  expansion  of  a  strongly 
magnetised  plasma  by  transforming  équations  2.  and 
6.  to  S  =  x/t  as  the  independent  variable ,giving 


(  V  -  1  )dv  ^ 

dS  ^  n  dj  ° 


(T) 


ndv      (v  -3  )dn  _ 

d5  d>- 


For  non  zéro  solutions  to  T.  and  8.  we  have 
that 

(v-5)=v^  (9; 

and  from  8.  and  9.  we  have 


|ï=-vfn./nf|^('^/"-) 


Intégrât ing  10.  from  the  undisturbed  plasma  out 
into  the  raréfaction  expansion  gives 
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n  =(U/9^1  -J/2v„^J  (11) 
The  important  aspect  of  the  solution  1 1 .  is 
the  existence  of  a  wavefront  at   5 =  2v^,,beyond 
which  no  ions  exist.  Fissure  2.  shows  a  nomalised 
plot  of  ion  densityin  the  raréfaction  expansion 
agamst  x/(v^t).  At  any  specified  time  fig.2.  thus 
represents  the  ion  density  as  a  fonction  of 
normalised  distance.  The  négative  values  of  ^  =  x/t 
correspond  to  a  wavefront  travelling  back  into  the 
source  plasma  at  the  fast  magnéto  -  acoustic  speed. 
From  équations  9.  and    11.  we  also  have 

V  =  (2/3)v^  +  J/vJ  (12) 
corresponding  to  a  linear  increase  in  ion  velocity 
with  distance  at  a  specified  time.  At  the  rare- 
faction  wavefront  J=2v^^,so  eqn.  12.  then  gives 
2v^^  as  the  maximum  ion  émission  velocity. This  is 
in  marked  contrast  to  the  case  of  a  free]^ 
expanding  plasma  with  no  magnetic  field.where  no 
maximum  ion  émission  velocity  exists.  In  référence 
(2)similar  features  are  obtained  numerically. 

Finally  we  note  that  the  solution  obtained  is 
analagous  to  that  found  in  collision  dominated  gas 
dynamics^^^ . 


-f  O  1  Z 


Figure  2. 

Ion  density  in  raréfaction  expansion, 
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1.  INTRODUCTION 

Although  some  work  has  been  done  on  soliton 
formation  at  the  upper  hybrid  frequency  using  warm 
tvro-fluid  theory,  [1],  this  leaves  important 
questions  unanswered.      In  this  work  we  report  the 
results  o£  a  kinetic  theoretic  analysis  which 
describes  the  nonlinear  modulation  of  electrostatic 
upper  hybrid  waves  in  a  warm  magnetized  plasma. 
The  équation  goveming  the  modulation  of  thèse 
waves  is  the  nonlinear  Schrbdinger  (NLS)  équation 

in  which    ({i(x,t)    is  the  complex  electrostatic 
potential,    t    and   x    dénote  time  and  space 
coordinates  (the  latter  with  respect  to  a  frame  of 
référence  moving  with  the  group  velocity)  .  The 
coefficient    P  =  ^  a^u/Sk^  ,  where    u  ,    k    are  the 
frequency  and  wave  number  of  the  electrostatic 
carrier  respectively  and   Q    is  the  nonlinear 
frequency  shift  coefficient.     Contributions  to  Q 
dérive  from  three  distinct  nonlinear  processes. 
One  contribution  describes  the  génération  of  the 
second  harmonie    (to  +  w     Zu)  ;  a  second  arises 
from  the  self-interaction  between  the  high 
frequency  waves    (u  +  w  ->  w  +  w)    while  the  third 
describes  the  nonlinear  coupling  between  the 
carrier  and  the  slow  background  plasma  motion 
(wave-particle  interaction) . 

The  stability  of  the  soliton  is  determined  by 
the  sign  of   PQ  .      For   PQ  >  0    the  waves  are 
modulationally  unstable  while  for    PQ  <  0  the 
modulational  instability  does  not  occur.  We 
investigate  the  variation  of  the  normalized 
dispersion  and  normalized  nonlinear  frequency 
shift  with  the  two  independent  plasma  parameters 
X  =  kV/n^    and   a  =  ui^J^  ,  where    v^    is  the 
électron  thermal  speed,    Q.  ,  the  électron  cyclotron 
frequency  and   w     ,  the  électron  plasma  frequency. 
pe 

2.  RESULTS 

In  order  to  discioss  the  behaviour  of  upper 
hybrid  solitons,  the  NLS  équation  is  cast  into 
dimensionless  form 

with    T  =  nt  ,  Ç  =  to/Vg  ,  4>  =  (Zîre/KTgH  , 
p  =  fiP/Vg  ,  q  =  (m^Vg/4Tr^e^n)Q   where    e    and  m 
are  the  électron  charge  and  mass  respectively  and 
KTg    is  the  électron  température.      In  the  limit  of 
low  électron  tenperature  and/or  strong  magnetic 


fields    (X  «  1)  ,    p    is  found  to  be  k-independent; 
numerical  studies  indicate  that  this  holds 
provided    A  <  0.1  .      For  frequencies  in  the  range 
fi  <  0)  <  2fi(a  <  1.7)  ,  the  upper  hybrid  shows 
négative  dispersion    (p  <  0)    while  for    w  >  Zfi  , 
the  mode  exhibits  positive  dispersion    (p  >  0)  . 

In  Figs.  1-3  the  normalized  dispersion   p  and 
nonlinear  frequency  shift  coefficient    q  are 
plotted  simultaneously  vs.    a  ,  for    a    in  the 
range    0.1  <  a  <  1.6    for  each  of  the  three  values 
X  =  0.01  ,  0.1    and    1.0    respectively.      In  Fig.  1 
(X  =  0.01)  ,  we  see  that    p  <  0    and   q  >  0 


UPPER  HYBRID  X^O-Ol 


Fig.  1 


throughout  the  range  of   a    considered.  Since 
pq  <  0  ,  the  upper  hybrid  is  therefore  modulation- 
ally stable  for    X  <  0.01    and   0.1  <  a  <•  1.6  (we 
disregard  values  of~  a  >  1.7    since  in  this  régime 
the  upper  hybrid  behaves  as  a  Langmuir  wave  in  an 
isotropic  plasma) .     As    X    increases  and  tempér- 
ature effects  become  important,  the  behaviour  of 
the    p,q    curves  changes  as  shown  in  Fig.  2  where 
X  =  0.1  .     The  important  features  here  are  the 
behaviour  of   p    and    q   near   a  =  1.2  .      In  fact 
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p    vanishes  and    q    is  discontinuous  near    a  =  1.2, 
at  which  point  the  reductive  perturbation  theory 
used  breaks  down.     Excluding  this  région  we  can 
summarize  the  behaviour  of  the  upper  hybrid  for 
A  =  0.1    by  noting  that  the  mode  is  modulationally 
stable  (unstable)  for   a  <  1.2  (a  >  1.3)  .  In 
Fig.  3  the  corresponding  plots  for~  A  =  1.0  are 
presented.     Again    q  >  0    throughout  the  range 
and  decreases  with  increasing   a    (in  contrast  to 
the  small    A    liïïiit  where    q    increases  with 
increasing   a  ) .     We  note  that    p    changes  sign 
from  positive  to  négative  in  the  région 
1.0  <  a  <  1.1    and  we  deduce  that  the  upper  hybrid 
is  inoGulationally  unstable  (stable)  for    a  <  1.0 
(a  >  1.1)  . 

To  summarize,  for  the  ranges  of   A    and  a 
considered,  it  is  évident  from  Figs.  1-3  that  in 
gênerai,    q    is  positive  while    p    is  négative, 
predicting  the  gênerai  stability  of  the  upper 
hybrid  mode.      It  is  when    A    increases  so  that 
température  effects  become  important  that  the 
upper  hybrid  can  exhibit  modulational  instability, 
and  we  identify  two  unstable  régimes:-    A  =  0.1  , 
1.3  <  a  <  1.6    and    A  =  1.0  ,  a  <  1.0  .  It 
shouîd  bê  noted  that    p    decreases  with  increas- 
ing  a    for  both  régimes,  while    q  respectively 
increases  (decreases)  with  increasing   a    in  the 
two  régimes.      In  the  unstable  régime  the  wave 
amplitude  and  width  of  the  soliton  are  proportion- 

al  to    q  ^    and   p^    respectively.     Hence  as  the 
parameter   a    increases,  the  soliton  width  will 
decrease  in  both  unstable  régions  whereas  the  wave 
amplitude  will  decrease  (increase)  for    A  =  0.1 
(1.0)  respectively. 

It  is  also  of  interest  to  compare  the 
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contributions  to  the  nonlinear  frequency  shift 
coefficient  from  the  harmonie  génération   q^^  ,  the 
self  interaction    qg    and  the  wave-particle  inter- 
action   qp(q  =       +  qg  +  qp)    for  the  upper  hybrid 
for  gênerai  values  of    A    and   a  .      It  has  been 
found  that    |q^|  ~  |qp|    with    |qg|  «  |q^  p|  for 
gênerai  values  of    A    and   a  considered. 
3.  DISCUSSION 

The  work  of  Porkolab  and  Goldman  based  on  the 
warm  fluid  équations  together  with  a  time-averag- 
ing  procédure  produced  a  NLS  équation  with  a  non- 
linear term  proport ional  to    ôn/n    .     This  term 
represents  the  reaction  of  the  wa9e  on  the  back- 
ground  plasma  by  means  of  a  low  frequency  pondero- 
motive  force  which  produces  corresponding  density 
changes    (Sn/n^  .     We  have  shown  that  this  form 
follows  explicitly  from  the  NLS  équation  derived 
by  our  kinetic  theory  approach.      In  particular, 
we  have  shown  [2]  that  the  contribution  to  the 
nonlinearity  from  the  ponderomoti/e  force  corres- 
ponds to  the  contribution   q„    of  our  reductive 
perturbation  calculation.     The  existence  of 
Bemstein  solitons  has  also  been  demonstrated  and 
a  corresponding  analysis  for  the  properties  of 
Bemstein  solitons  as  functions  of    A    and   a  has 
been  carried  out  [2]. 
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Récent  observations  o£  self-generated  magnetic 
fields  in  plane  target  experiments  [1]  with  high 
powered  lasers  have  prompted  us  to  look  again  at 
harmonie  émission  from  magnetized  plasmas.      It  is 
well  known  from  the  work  o£  Fidone  and  his  collab- 
orators  [2,3]  that  second  harmonie  génération  in 
Tokamak  plasmas  has  not  only  been  observed  but  bas 
proved  to  be  a  useful  magnetic  field  diagnostic. 
In  the  experiments  by  Raven  and  his  co-workers, 
megagauss  fields  were  measured  in  the  quarter- 
critical  density  région,  from  which  one  might 
expect  that  magnetic  field  strengths  close  to 
critical  density  would  be  very  large  indeed  - 
parhaps  as  big  as    lOMG    -  though  no  measurements 
have  yet  been  made  in  this  région.      In  the 
présence  of  such  strong  magnetic  fields  it  has 
been  shown  recently  that  significant  absorption  of 
normal ly  incident  laser  light  is  possible,  together 
with  harmonie  génération  [4,5].      In  this  paper  we 
report  a  theoretical  study  of  harmonie  génération 
together  with  results  obtained  from  numerieal 
experiments  using  a  l^-D  code,  EMPIRE.  The 
computer  experiments,  in  addition  to  providing 
information  on  harmonie  émission,  also  indicate 
that  a  strong  quasi-static  magnetic  field  is  gener- 
ated  in  the  neighbourhood  of  the  résonance  région. 
This  field  has  been  deteeted  in  simulations  earried 
out  independently  [6]. 

The  configuration  examined  in  this  work  is 
the  following.     An  electromagnetic  wave  propagates 
along  Ox  and  is  normally  incident  on  a  plasma 
density  ramp.     The  eleetrie  field  of  the  incident 
wave  is  aligned  along   Oy  .     We  shall  suppose  that 
a  magnetic  field   B     is  applied  along   Oz  .  As 
the  wave  propagates  into  the  plasma,  the 
field  induces  électron  oscillations  along   Oy  and 
the  résultant   v  x  B    force  effectively  produces 
particle  motion"in  the  direction  of  propagation. 
Thus  by  charge  séparation  along  the  density 
gradient,  an  electrostatic  field  component    E^  is 
produced.     This  is  of  course  just  the  extraordin- 
ary  jrode  in  the  plasma.     The  interest  in  this 
mode  stems  from  the  fact  that         ,  the  density  at 
which  the  wave  resonates  at  the  local  upper  hybrid 
frequency,  and   N^.  ,  the  cut-off  density,  are 
related  by        -  Nj^[l  -  ng/w^]  ,  where         is  the 
électron  cyclotron  frequency  and         ,  the 
frequency  of  the  incident  wave.     Consequently  if 
^e  "^^  %  '  certainly  the  case  in   Nd  laser 

produced  plasmas,  then  N^,  =  Nj^  .  We  then  have  a 
situation  analogous  to  that  of  obliquely  incident 
radiation  in  unmagnetized  plasmas.  The  différence 
between  the  two  cases  is  that  in  the  latter  the 
séparation  between  the  cut-off  and  résonant  dens- 
ities  is  govemed  by  the  angle  of  incidence  of  the 
wave,  whereas  in  the  magnetized  plasma  considered 


here,  this  séparation  is  govemed  effectively  by 
the  strength  of  the  magnetic  field.     Thus  resorant 
absorption  of  a  normally  incident  wave  is  made 
possible  by  the  magnetic  field  and  has  been  exam- 
ined both  theoretically  and  by  computer  simula- 


This  résonance  takes  the  form  of  a  plasma 
disturbance  which  produces  a  large  local ized 
oscillating  electrostatic  field.     The  rapid 
spatial  variation  of  this  field  produces  anharmonic 
oscillations  of  the  électrons,  due  to  their  being 
subjected  to  varying  electric  fie,ld  strengths  over 
their  excursion  lengths.     This  électron  behaviour 
may  be  represented  as  a  séries  of  Fourier  modes  at  - 
u)  .  2a3  .  3a)    ...    and  thèse  modes  then  provide  a 
o'    o'  o 

current  density  source  with  components  at 
Zo)  ,3w    ....     The  particular  modes  responsible 
o  o 

for  the  génération  of  the    2u)^    current  density 
are  the  and    2w^    électron  oscillations.  The 

former  beats  with  the  oscillating  électron  number 
density    N(w  )    to  produce  a  component 
eN (o)^) (o)^)    while  the  latter  combines  with  the 
unperturbed  number  density  to  give  a  term 
eN^Vg(2a)^)  .     Hence  as  a  direct  resuit  of  the 
résonant  mechanism  a  current  density   J(2a)^)  is 
produced  which,  in  tum,  provides  the  source  of 
second  harmonie  émission. 


Fig,  1 
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To  find  the  relation  between  the  power  in  the 
incident  wave  and  that  re-emitted  as  second  harmon- 
ie, we  have  to  détermine  the  current  density.  This 
is  then  treated  as  "free"  current  and  is  used  as  a 
source  term  in  the  second  harmonie  wave  équation. 
This  relationship  has  been  evaluated  and  Fig.  1 
shows  a  comparison  between  the  theoretical  results 
and  those  obtained  from  computer  simulations.  The 
parameter  on  the  abscissa  is  the  ratio  of  the 
distance  between  cut-off  and  résonant  layers  and 
the  scale  of  variation  of  the  electromagnetic  wave 
near  cut-off;        =  w^/c    and   L    is  the  plasma 
scale  length,  i.e.  the  distance  between  the 
critical  density  and  the  boundary.     While  there 
is  some  discrepancy  between  the  theoretical  results 
and  those  from  the  computer  experiment,  the  overall 
agreement  is  quite  good. 


Fig.  2 


Fig.  3 


The  dominant  component  of  the  resonantly 
induced  current  density  lies  across  the  density 
gradient,  i.e.  along   Oy  ,     This  component  is 
responsible  for  inducing  a  magnetic  field  along 
Oz  .     This  field  is  quasi-static  and,  in  the  cold 
plasma  limit,  is  restricted  spatially  to  the  plasim 
résonant  région.     However  warm  plasma  theory 
predicts  that  the  magnetic  field  will  extend  into 
the  over-dense  région,  and  this  is  observed  in  the 
conputer  simulations.      Fig.  2  shows  a  plot,  from 
our  simulations,  of  the  time-averaged  magnetic 
field.     The  direction  of  the  field  reverses 
inside  the  résonant  région  which  extends  over    2A  . 
Also  the  field  extends  into  the  over-dense  plasma. 

We  have  also  examined  the  influence  of  the 
magnetic  field  effects  on  the  harmonie  line 
profiles.    Fig.  3,  taken  from  a  run  of  our  1|-D 
fully  electromagnetic  code  shows  the  line  structure 
présent  on  the  second  harmonie  émission  spectrum. 
The  frequency  shift  of  the  first  side  band,  relat- 
ive to  the  line  centre,  can  be  seen.    This  is 
strongly  dépendent  on  magnetic  field  intensity. 

In  summar)^  we  have  shown  that  significant 
hannonic  émission  may  be  produced  in  laser 
produced  plasmas  with  strong  magnetic  fields.  The 
hannonics  show  structure  consistent  with  the 


excitation  of  Bemstein  modes.  The  simulations 
also  indicate  that  strong  quasi-static  magnetic 
fields  are  generated  in  the  neighbourhood  of  the 
critical  density. 
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PARAMETRIC  DECAY  OF  LOWER  HYBRID  WAVES 


î  -  INTRODUCTION. 

The  parametric  instabilities  induced  by 
pump  field  with  a  driving  frequency  in  the  range  of 
lower  hybrid  (LH)  and  électron  plasma  (EP)  frequen- 
cies  (o)^^  <  co^  <  inin(u)p^,  <^j,g))  have  received  a  great 
deal  of  attention  (the  présent  theoretical  and  ex- 
périmental State  of  the  art  has  been  recently  revie- 
wed  in  /!/).  The  crucial  problem  of  LH  plasma  hea- 
ting  is  the  pénétration  of  the  launched  waves  to  the 
plasma  core  without  significant  pump  depletion  in 
the  outer,  low-density  plasma  layer,  which  can  lead 
to  a  réduction  of  the  heating  efficiency.  In  the 
présent  paper  we  analyse  the  nature  of  the  parame- 
tric instabilities  induced  in  ohmically  heated  toroi- 
dal  discharges. 
2  -  DISPERSION  RELATION. 

To  approximate  the  physical  conditions  of 
the  parametric  interaction  in  ohmically  heated  to- 
roidal  discharges,  we  consider  a  two-component  wea- 
kly  inhomogeneous  low-3  cylindrical  plasma  confined 
by  a  magnetic  field  with  shear.  The  spatial  varia- 
tion of  the  pump  field  and  the  confining  magnetic 
field  is  neglected.  The  oscillations  under  considé- 
ration are  assumed  to  be  quasi-longitudinal  with 
perpendicular  wavelengths  much  smaller  than  the 
scale  lengths  of  plasma  inhomogeneities .  Within 
the  framework  of  the  local  wave  dispersion  descrip- 
tion and  the  weak  pump  field  approximation  (a^^«l), 
the  linear  dispersion  relation  governing  the  para- 
metric coupling  can  be  represented  in  the  well- 
known  form  /2,  3/,  2 

0(^,0)*, r)  =  e(k,a)*,r)  +  ^  x.  (k,w*,r)  {  l+x,(k,w*,r)} 


iY,  e(k,w,r)  =  \  ^  1  x„(k,( 


r) 


(k,w,r)  is  the  susceptibility  of  species  a  in 
weakly-inhomogeneous  low-collisional  magnetized 
plasma , 

X  (k,w  ,r)  = 


g  dlnT^ 
'a  '  \  "  dlnn  '  '^na 


)r  of  oscillations 
;  defined  as  : 


The  components  of  the 
in  the  used  coordinate 


k^  =  cos<()  k^-sincj)  k^,  k^^  =  cos(()  k^  +  sincj)  k^,  where 

(j)  =  ^(B     ,  B  ).  The  finite  pump  wave  number  is  in- 
cluded  to  the  lowest  order  in  the  dispersion  rela- 
tion (1)  by  defining  the  sideband  pennittivity  as 
e(k^  V  ~  Vo'        -  '^o»  r)  /4/.  Furthermore,  the 
présence  of  the  longitudinal  plasma  current  is  taken 
into  account  by  replacing  w    in  the  électron  suscep- 
tibilities  by  u    ~  1^        where  u^^  is  the  average  ve- 
locity  of  électrons  with  respect  to  the  ions.  For 
a  plane-polarized  wave  the  coupling  parameter  a^^  is 
defined  by, 

■a^  =  (e  k  Ejm^t/)^  f(Q,^,0,  (3) 

where  6  =  ^k,  B^,Ç  =  «^E^,        and  Z  is  the  angle 
between  the  planes  (k,  B  )  and  (E  ,  B  ) .  In  the  pré- 
sent analysis  the  threshold  electric  field  is  mini- 
mized  with  respect  to  the  angle  C  by  taking  the  ma- 
ximum value  of  the  function  f  (9,Ç,Ç^)  for  a  given 
coupling  parameter  /2,  3/. 
3  -  RESULTS. 

In  this  section  we  shall  présent  results 
of  detailed  numerical  analysis  of  the  dispersion  re- 
lation (1).  In  the  low-density  plasma  région 
(co^/(jû^j^>2)  the  stability  boundaries  are  characteri- 
zed  by  two  pronounced  minima  of  the  coupling  para- 
meter a^^.  The  first  minimum  of  a^  occurs  at  zéro 
detuning  of  the  driving  frequency  from  exact  réso- 
nance, while  the  second,  less  pronounced  minimum  is 
associated  with  the  résonant  decay  into  an  ion 
Bernstein  or  LH  wave.  Low  minimum  threshold  electric 
fields  of  the  résonant  LH  pump  wave  (E      -  50  V/cm) 


/rta 
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associated  with  the  first  minimum  are  found.  Insta- 
bilities  with  relatively  small  parallel  phase  veloci- 
ty  (k^J'/k^  »  m^/m^)  are  pref erentially  excited  in 
the  low-density  plasma  région.  The  foregoing  discus- 
sion is  illustrated  by  Fig.   1  on  which  we  have  repre- 
sented  the  variation  of  a^^(a^^  is  the  coupling  pa- 
rameter  corresponding  to  the  marginal  stability)  and 
the  associated  normalized  frequency  w/o)^^  with  kA^. 
The  variation  of  the  normalized  growth  rate  y/w  • 
and  the  associated  w/w^^  with  a^  for  différent  k\^ 
values  is  also  shown.  The  plasma  parameters  choosen 
are  relevant  to  the  low-density  plasma  layer  near 


:  30  eV  and  the  ; 


aie  length 


the  wave  launch] 
3.5xl0'W2, 
of  inhomogeneities        =L^    =  4  cm  and        =  I  cm. 
Note  that  the  level  E^^  =  5  kV/cm  is  displayed  in 
the  a^^  versus  kA^^  curve  and  is  labelled  by  circles 
on  the  Y/w^£  versus        curve.  For  pump  electric 
field  intensities  of  a  few  kV/cm  the  highest  growth 
rates  obtained  (y=0'(u  .))  are  those  related  to  the 
decay  of  the  pump  into  a  cold  LH  wave  and  an  IC  or 
nonresonant  quasimode;  Thus,  in  addition  to  the  high- 
density  plasma  région,  the  decay  processes  involving 
quasimodes  also  dominate  the  decay  spectrum  excited 
for  2  ■^'^q/'^lh  ^  ^*  ^°  présence  of  current 

in  the  plasma,  low  frequency  (eu  <  w  .)  négative  enei^ 


the 


nt  parametrically  dri 
cyclotron  current  instabilities,  are  excited 
longwavelength  part  of  the  decay  spectrum  (kX^  <  C 
in  Fig.  1).  Although  a^^.  is  somewhat  lower  in  cur- 
rent carrying  plasma,  the  pump  field  has  a  stabil 
zing  effect  on  the  excitation  of  thèse  instabilit: 
since  it  éliminâtes  the  most  unstable,  large  k^^ 


It  is  interesting  to  note  that  at  large 

w^/Wj^j^  values  and  for  small  parallel  phase  velocities 

(u)/k^^  <  0.9  Vj.  ),  the  derivative  ReD^  can  become 

négative  in  a  finite  a^-range,  a^^,  <  a^^  <  a^^  (the 

values  a,      are  labelled  by  points  in  Fig.   1).  The- 
2 

refore  the  expansion  of  the  dispersion  relation  in  a 
power  séries  near  the  real  roots  (w,  k)  cannot  be 
used  in  the  évaluation  of  the  growth  rate  of  quasi- 
modes  at  large  w^/w^j^values .  Otherwise  the  applica- 
bility  of  this  expansion  is  limited  to  a  narrow  ran- 
ge of  field  intensities  near  the  threshold  value  in 
which  for  a  given    k  the  frequency  varies  slightly 
with        and  y  «        Note  that  by  increasing  the 
collision  frequency  a      may  become  larger  than  a. 


For  large  k^/k^^  values  the  pump  w, 
cays  into  an  IC  quasimode  and  two  LH  waves. 


;  de- 


This  four  wave  decay  process  is  followed  by  an  abru 
increase  of  a^  as  well  as  by  a  frequency  increase. 
There  are  two  branches  in  the  dispersion  curves  be- 
hind  this  kA^^  région  :  the  principal  forward  mode 
which  is  an  ion  Bernstein  (IB)  quasimode  and  a  low- 
frequency  (w  <  o)  .)  nonresonant  quasimode.  By  folio 
wing  the  dispersion  curve  of  the  principal  mode,  on 
concludes  that  in  the  short-wavelength  région  (kAj^> 

0.  2.  and  for  iii^/ui^^  <  2  the  sideband  becomes  a  hot 
IB  wave.  Due  to  their  small  group  velocity  and  fast 
growth  rates,  the  spatial  amplification  of  hot  IB 
waves  dominâtes.  An  important  energy  transfer  from 
the  pump  wave  to  IB  waves  and  nonresonant  quasimode 
leading  to  a  bulk  particle  heating  occurs  at  ^^^/'^-^ 
2.  In  connection  with  this  we  note  that  for  modérât 
pump  fields  the  convective  losses  in  the  outer  plas 
ma  layer  are  sufficiently  large  to  allow  an  efficie 
wave  pénétration  to  the  plasma  core. 
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HARACTERISTICS  OF  SPATIAL  WAVE  ECHOES  AT  THE  LOWER  HYBRID  BRANCH 
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■Introduction  :  The  phenomenon  of  plasma  wave 
:hoes  [1]  in  a  collisionless  plasma  is a  réversible 
rocess  in  whlch  macroscopic  field  energy  converts 
)  particle's  kinetic  energy  and  vice  versa,  even 
1  the  présence  of  phase-mixing  and  Landau-damping . 

Therefore  echoes  possess  great  potential  as  diag- 
istic  tool  for  investigation  in  the  velocity  space . 

Especially,  the  echoes  of  lower  hybrid  branch  are 
iteresting  because  of  heating  aspects  simultaneous- 
r  involving  both  electron-and  ion-dynamics .  In  this 
iper,  comparison  between  the  theory  and  the  experi- 
înts  on  the  spatial  lower  hybrid  echoes  have  been 
ide. 

Model  ot  spatial  wave  echo  :  The  lower  hybrid  wave 
îlongs  to  a  ion-cyclotron  wave,  then  the  gyrating 
)tion  of  particles  in  finite  magnetic  field  extends 
le  dimensions  of  the  model  automatically .  The 
cperlmental  plasma  is,  of  course,  of  finite  radial 
ctent,  but  the  length  is  long  enough  to  consider 
3  be  infinité,  so  that  we  use  here  following  modeL 
We  start  from  the  model  of  infinité  radial  extent 

thén  the  effect  of  finite  radius  is  introduced  by 
sans  of  the  restriction  of  perpendicular  wave 
jmber.       In  the  experiment,  the  background  pressure 
3  10"^  Torr  hydrogen,  and  the  plasma  having  a 
lectron  density    ng'^  3.6  x  10^'*m~^  is  immersed  in 

magnetic  field  of  30  mT.  Thus  the  plasma  can  be 
onsidered  to  be  collisionless  and  Vlasov  équation 
an  be  used,  whereas  the  self-consistent  fields  are 
aken  into  account  through  Poisson' s  équation, 
ourier  transforms  of  thèse  équations  are  expressed 
s  S<o  '2^^ 

M  -ii  p«  sivielln"** 
+E„cuu)^-E,cuio.^.|f]   (1) 

-^^■i^^-t\\\it-   (2) 

+tz-3Wi[-fepe(2-^n)}coSC0nt  ...  (3) 
^^^^ité"  (4) 


The  f irst-orderj(or  linear)  solution  can  be  written 

Substituting  Eq.(5),(6),  into  a  non-linear  part  of 

Eq.(l),  and  integrate  it  with  respect  to  6,  we  get a 
J2) 

second  order  distribution  function        ^  in  the  suc- 
cessive approximation.     If  we  substitute  this  dis- 
tribution into  Poisson' s  équation,  we  can  get  a  echo 
-potential  in  space. 

3.CalculatinR  results  :  To  obtain  the  solution,  we 
use  following  assumptions.     (  i  )We  consider  only  a 
axial  symmetric  mode.     (îi)Radial  distribution  of 
applied  potential  (grid  potential)  is  uniform  as 
g(r)  =  l.     (îîi)Landau-damping  is  not  so  strong,^/l^>l. 
(iV)For    -J-"  ,  maxwellian  distribution  can  be  used. 
(V  )Inequalities    oy^  »w t0j2»^2u2  are  held .  Under 
thèse  conditions,  we  get  finally  the  second  order 
echo-potential  as  ^ 


CEiOx'C^»^"'^^!  etc. 

iûj£-  (Dj  is  the  echo-f  requency  and  the 
is  normalized  by  jl(.=  Zj^- 


dis- 


the  distance 
A  summation  on  shows 
gle  between  the  vectors 


tance    z*  is 

between  two  excitlng  grids. 
a  mean  with  respect  to  an  ai 

and  ^,  and  they  related  as 

The  effect  of  finite  plasma-radius  is  taken  into 
account  by  the  restriction  of  q^  value  in  the  inté- 
gration with  respect  to    q^.        The  minimum  value 
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of  qj_  Is^  (tt  /Dp),  wher( 
whereas  the  maximum  value 
Landau-damplng.  If  q^^^ 
thermal  velocity),  the  wa\ 
out.  From  the  dispersioi 
qimax~i(-e»/e^  )  -q„max 


jill  be  determined  by 


(v 


A.Comparison  \ 


'e  will  be  strongly  damped 
i  relation,  it  becomes 

=  J(-e«/a).(Wv,^). 

Ith  experiments  :  The  experlments 
were  perf ormed  with  an  apparatus  prevlously  reported 
[2].     The  active  source  plasma  Is  generated  by  non- 
resonant  wave  excitation  by  means  of  a  waveguide 
-plasma-resonator  arrangement  [3]  at  2.A5  GHz. 
The  plasma  streams  into  a  test  tube  of  150  mm  i.d. 
and  2.5  m  length  consisting  of  glass  as  well  as 
stainless  steel  sections.     The  plasma  is  confined 
radially  by  the  magnetic  field  and  it's  diameter  is 
determined  by  the  qualtz  tube  of  the  plasma  gener- 
ator.      Figure  1  shows  a  typical  line  shape  of  the 
second-order  echo  at  the  time  of     t  =   Tt  /2a)j,^obtain- 
ed  by  computer  under  the  condition      Te-v5.5  eV, 
B  =  30  mT,  ne~3.6  x  lO^'^m-^.       Figure  2  gives  the 
expérimental  curve  together  with  the  theoreticals' 
in  the  same  condition  and  same  scale  of  distance. 
In  Fig.2(a),  upper  trace  gives  a  phase  différence 
between  test  and  référence  signal  in  a  linear  scale 
showing  a  sawtoothed  shape.     It's  lower  end  corre- 
sponds to  -180°  phase  différence  and  the  upper +180° 
différence.     The  lower  trace  of  Fig.2(a)  gives  the 
amplitude    A    in  a  logarithmic  scale.     In  Fig.3(a), 
the  dependence  of  frequency  oj^  on  the  maximum  echo 
-amplitude  is  given,  where  the  echo-f requency  i^j^is 
flxed,  and  Flg.3(b)  shows  the  corresponding  expéri- 
mental resuit.     Figure  4  gives  the  spatial  position 
of  amplitude-maximum,  as  the  frequency  ojjisvaried. 
In  this  figure,  the  theoretical  resuit  is  shown  by 
thick  line  and  open  circles  correspond  to  experi- 
ments. In  summary  this  theory  of  the  lower- 
hybrid-echoes  shows  good  agreement  with  the  experl- 
ments. 

This  investigation  is  partly  sponsored  by  the  DFG 
within  the  Sonderf orshungsbereich  162  "Plasmaphysik 
Bochum/Jllllch".  The  authors  thank  Dr.B.Lammers  for 
his  contribution, Prof .H. Schlîlter  for  encouragement. 
Thanks  are  also  due  to  Mr .Kindermann  for  his  assis- 
tance in  the  expérimental  apparatus. 
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Malmberg,  Phys.Rev.Lett.l9  (1967)216. 
[2]H.D.Leppert  et  al.  ,Phys.Lett.62A(197'7)501. 
[3]H.Beerwald,G.Bohm,B.Kampmann  and  B.Schweer, 
Phys.Lett.53A(1975)267. 
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MAGNETIZED  PLASMA  PARAMETRIC  RESONANCE  IN  NON-MONOCHROMATIC  PUMP-WAVE 

Yu.  M.  Aliev,  O.M.  Gradov  and  V.  Stefan*. 


Parametric  effects  of  monochroiratic 
pump-wave  interacting  with  plasma,  in  pré- 
sent time,  are  well  studied  /!/.  On  the 
other  hand  in  ail  actual  experiments  dea- 
ling  with  an  interaction  of  the  radio  or 
laser  radiation  with  plasma  we  have  sig- 
nais duration  of  which  is  finite  in  time. 
Some  aspects  of  the  theory  of  parametric 
résonance  in  non-monochromatic  pump-wave 
for  non-magnetized  plasma  are  given  in 
/2-4/.   In  this  work  we  represent  some  as- 
pects of  the  f inite-bandwidth  parametric 
theory  for  magnetized  plasma.   It  has  been 
shown  that  the  effect  of  f inite-bandwidth 
leads  to  stabilization  or  facilitation  of 
rarametric  growth  of  the  turbulent  noise. 

We  consider  infinité,  homogeneous, 
fully  ionized,  magnetized  plasma  inter- 
acting with  the  pump  field 


(1) 


whçre  the  amplitude  and  phase  are  assumed 
to  be  slow  varying  compared  with  carrier 
f requency  u}q ,  which  is  chosen  so  to  be 
near  to  the  eigen-f requencies  of  high-fre- 
quencv  ^m}^>>  magnetized  plasma  oscil- 

lations. We  also  consider  a  set  of  rectan- 
gular  impulses  with  duration   'C'  ,  répéti- 
tion period  T  and  peak  intensity  E^.  Note, 
that  the  conclusions  presented  below  are 
valid  for  cases  of  any  shape  of  E^(t)  and 
^  (t)  except  the  demand  for  the  periodici- 
ty  of  E^(t)  and  <^  (t)  with  the  period  T 
that  must  be  satisfied. 

Let  us  consider  the  amplitude-modu- 
lated  (t)=4fe)  pump  wave  with  f requency 
OÛqSO  that  U}^~(jÛç£:>!>Sl.is  valid  in  the  case 
when  the  oscillation  velocity  of  électrons 
is 'signif icantly  less  than  the  thermal  ve- 
locity Vtc.'  case  when  the  frequency 
of  the  puise  répétition  S2.=  2SXy^  is  much 
higher  than  ail  low  eigen-f requencies  of 
the  magnetized  plasma  oscillation  (S2.>^^  ) 
in  the  case  of  periodical  (A>0  )  and  ape- 
riodical   (/i-^O , A=u3<pUXj[!È)   instabilitv  the 


following  expression  for  the  threshold  is 
obtained 


Here,  E^, 


is  the  threshold  for  the  ca 


THR,MON 

se  of  monochromatic  pump-wave.  From  (2)  it 
is  évident  that  the  existence  of  the  dis- 
crète external  pump-wave  leads  to  the  sta- 
bilization of  plasma  -  the  increasing  of 
the  threshold  ^  times  is  apparent.  Note 
that  the  wave  numbers  of  excited  oscilla- 
tions are  the  same  as  in  rhe  case  of  r.ono- 
chromatic  pump-wave. 

VJith  decreasing  of  the  puise  répéti- 
tion frequency  the  possibility  for  réso- 
nance  /^^rCa'-  can  be  encountered  which 
lead,   in  both  periodical  and  aperiodical 
case,  to  the  ion-sound  instabilities .  In 
this  case  the  followinq  expression  for  the 
threshold  is  obtained. 

— Fnî  ' 


The  remaininq  notations  are  conventional . 
The  \t«ve  numïjers  of  excited  oscillations 
are  defined  f ron  A1.'\12-=±0l^  in  the  decay 
case   (  f-^U)^  )  or  A-knSI«t'jy\(^  in  the 
nondecay  case   (  ^»uDs).  The  minimum  thres 
hold  value  from   (3)   is  reached  if'YL=  1 
and  Zts^T  .   In  the  meantime  for  the  posi- 
tive mismatching   (  A>"0)   the   threshold  va 
lue   (3)   is  higher  than  the  value  obtained 
by   (2).   It  means  that  in  the  domain  consi- 
deredS^^tO^  for  A>  O  the  treshold  value 
is  defined  by   (2)   and  the  wave  number  of 
oscillations  satisfies  A=-Ol^  in  the  decay 
case(Oj,»^'^  or  A-^^  in  the  nondecay 
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(lOs<i^'y-  )  case.  In  the  same  time  for  the 
négative  mismatching  (  A'^O  )  the  réso- 
nances ^=~yiÇL  make  possible  excitations 
of  ion-sound  oscillations  with  the  thres- 
hold  value  given  by  (3)  which  appears  to 
be  less  than  the  corresponding  value  in 
the  case  of  aperiodical  instabilities 

With  further  decrease  in  the  puise 
répétition  frequency  a  situation  when 
TlSi.'^  2ijOs  can  be  reached   CXI-  odd  number)  . 
In  the  nondecay  case  when'^>>U)^  is  satis- 
fied  an  excitation  of  two  ion-sound  modes 
can  take  place,  with  the  threshold  and  in- 
crément, respectively. 

^TH^^  A^YS  ^  (4) 
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From  the  expression  (4)  it  is  évi- 
dent that  the  threshold  value  of  the  non- 
decay instabilities  is  signif icantly  less 
than  the  corresponding  value  in  the  case 
of  monochromatic  purap-wave.  The  optimum 
value  for  the  puise  duration,  in  présence 
of  which  the  threshold  value  (4)  reaches 
ninimum,   is  defined  from 

The  wave  number  appearing  in  the  right- 
hand  side  of   (4)   is  fixed  by  A.^^'^^  •  From 
here  it  is  évident  that  in  the  case  of 
nonmonochromatic  pump-wave  the  decay  in- 
stabilities, which  are  absent  in  the  case 
of  monochromatic  pump-wave,  are  possible 
if   A^O  is  satisfied. 
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DISPERSION  CHARACTERISTICS  OF  PLASMA  WAVE-PACKETS 
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We  shall  consider  propagation  of  a  wave-packet 
through  an  infinité  homogeneous  plasma  which  may  be 
lossless,  absorptive  or  unstable,  so  that  the  ener- 
gy  of  the  wave-packet  may  be  conserved,  dissipated, 
or  increased  as  it  propagates. 

In  19lh,  Brillouin  and  Sommerfeld  [1]  deter- 
mined  the  evolving  shape  of  a  wave-packet,   and  pre- 
dicted  the  occurrence  of  precursors  that  outrun  the 
body  of  the  packet  (see  Fig.  1).     The  saddle-point 
methods  they  introduced  have  since  been  refined  and 
widely  used  [2].     Concepts  such  as  phase  velocity, 
group  velocity  and  energy  velocity  émerge,   and  are 
usually  understood  by  référence  to  dispersion 
(Brillouin)  diagrams  showing  the  frequency  varia- 
tion (^1,  real)  with  wavenumber  (k,  real).  Difficul- 
ties  arise  for  absorptive  or  unstable  média,  for 
which  group  velocity  may  be  complex  or  infinité. 
We  suggest  that  in  such  cases  an  observational  dis- 
persion diagram  is  useful,   effectively  describing 
the  results  of  complex    ai,  k    measurements  on  wave- 
packets.     We  shall  use  a  consistent  définition  of 
group  velocity  to  establish  the  form  of  this  dis- 
persion relation,   and  its  dependence  on  the  source 
exciting  the  wave-packets . 

We  consider  two  sources,  both  delta-functions 
in  the  direction  of  propagation,   z:  a  delta- 
function  source  in  time,     S^(t,z)  =  6(z)6(t),  and 
the  switch-on  of  a  continuous  wave,   S^{t,z)  = 
6(z)H(t)sin(a3Qt)  .     Here,     ô     is  a  delta-f unction,  H 
is  a  Heaviside  step-function,    and  is  a  constant 

frequency.     Thèse  idealized  sources  differ  by  the 
présence  (S^)  or  absence  (S^)  of  a  pôle  in  the 
transform  of  S.     They  are  consequently  représenta- 
tive of  sources  which  are  either  switched  on  and 
maintained  indef initely,   or  are  pulsed. 

THEORY 

Although  we  are  interested  in  plasmas,  the 
wave  équation  may  be  left  in  gênerai  form  to  accom- 
modate  any  médium  and  variable,  |  ,   that  exhibits 
propagation.     For  linear  propagation  in 
.on  we  have  [  3] , 


dispersi 


where  the  coefficients    p^      '   ^i      describe  the 
properties  of  the  médium  afiâ  its^'èicitation  by  the 
source,  S. 


?(t,z)   =J  doj dk  ^ii^  exp[  i(  „t-kz)] 


|(t,z)exp[-i(..,t-kz)] 


By 


be 


0 

suming  an  ini1 
■icting  a^  .  1 
■ansformed  lo 

D('JJ,k)   Ç(uj,k)   =  A(rjo,k)  S(cu,k)  , 

here    D(uj,  k)  is  the  dispersion  relation 

To  invert  k),   the  k-integratioi 


(2) 


(1)  may 


ated  by  use  of  the  residue  theorem,   taking  account 
of  the  pôles  defined  by    D(cjo,  k)  =  0  .     Pôles  in  the 
upper  half -plane  [see  Fig.  2(a)]   are  included  in  the 
contour  if  they  originate  in  the  lower  half-plane 
for  values  of     u  consistent  with  the  j^-integration 
along  a  Bromwich  contour    co  =  d^,  -  i»  .  For 
further  discussion,   see  [k]. 


The  remaining  : 


isform  is  of  the  form 


?Uz)   =^  jàc,  F(.^,k(co))exp[i(a.t-k(co)z)]   ,  (h) 
-œ-ia 

where  k{ia)  is  determined  from  D(aj,  k)  =  0  ,  and  F 
is  the  sum  of  k-integral  residues  multiplied  by  the 
u-transform  of  the  source,  which  may  contain  a  pôle. 
Branch-points  of  f unction  F  must  be  avoided  in  the 
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c)  Group  velocity 


FIG. 


BEAM-PLASMA  DISPERSION  DIAGRAMS  AND  GROUP  VELOCITY 


M-plane  [ see  Fig.  2(b)] .  They  resuit  from  factors 
in  the  dispersion  relation  such  as  =  ao)  or 

=  d^(a)  -  u^^),  for  which  branch-points  occur  at 
eu  =  0     and    où  =  ±        ,   respecti vely . 

SADDLE-POINT  METHOD 
We  may  approximate  (k)  by  expanding  the  inte- 
grand  about  the  extrema  of  the  exponential  term. 
The  saddle-points  of  (k)   are  then  required  to 
satisfy  simultaneously 


D(a.,k) 


dk 


;  real 


where    dkMu    must  be  real  and  positii 
contours  in  Fig.  2  are  defined  for  t 
and  positive.     The  saddle-point,  to    ,   is  a  functioi 
of     t     and     z  ,   and  corresponds  to  the  velocity,  v 

The  approximation  of  (U)  has  two  forms  which 
dépend  on  the  présence  or  absence  of  a  pôle  in  F, 
i.e.  on  the  nature  of  the  source.     If     F  is  analy- 
tic,   the  isolated  saddle-point  method  can  be  used 
for  large  z  [2].    For  S^  ,  we  then  have 


— -ï^  exp[^x(a.^ 


(6) 


where  G  is  a  smooth  function.  This  approximation 
for  Ç  is  usually  valid  when  z  exceeds  about  ten 
«avelengths  corresponding  to    k(cD  ) . 

The  pôle  from  with  sin  jo^t  =  Im  exp(iaj„t) 
requires  the  simple  pôle  singularity  method  [2], 

Ç(t,z)~  Iig|u(a)g)exp  [i(cDQt-k(cDQ)z)jerfc(±ib) 

+  -^exp[i(a,^t-kU^)z)]j,  (7) 


smooth  functions,   erfc  is  the  complei 


error  function,    and  the  ±  sign  is  chosen 
erfc      0  for  non-causal  values  of     t  and  z.  Pre- 
cursors  (see  Fig.  1)   are  described  by  the  T(:Ug) 
terms.   As  waves  of  lower    v^  arrive  from  the  source, 
a  U(,a3s)     term     in  (7)  dominâtes  the  response,  af ter 
the  phase  of    b  changes  sign.     This  phase  change 
occurs  as  the  real  part  of    ijj3(=  cd^.  +  liD^)  approaches 
■uq;  erfc  changes  in  magnitude  from  ~  0  to      2  . 
The  main  wave  train  of  a  source  like    S  propagates 
with  the  velocity,   v^  ,   corresponding  to  Re(;o  ) 
Brillouin  termed  this  "signal  velocity".  ^ 
DISCUSSION 

The  dispersion  characteristics  corresponding 
to  (6)  and  (7)   are  both  of  the  form    D(:D,k)  =  0  , 
îources  without  pôles  (delta- 
th     ,j  real  for  sources  with 
The  principal  distinction 


between  thèse  two  results  is  that    a^^=0  for  normi 
modes,  but  that  we  may  have    cui  7^  0  for  delta- 
function  excitation.     For  stable  média,   the  two 
modes  are  identical.     In  strongly  absorbing,  or 
highly  unstable  média,   the  différence  between  k(a3Q) 
and     k(a3g)  may  become  significant. 


As  an  example, 
sting  of 
a     for  which 


D(a3,k) 


ider  an  ui 
irgetic  électron  be; 


syst< 


(a.-kvj- 


(8) 


u  is  the  plasma  frequency, 
i  fïequency  of  the  beam,  and 


^is  the  beam 

velocity.     The  dispersion  diagrams  of  Figs.   3( a) 
and  (b),   for  normal  modes  and  delta-f unction  excita 
tion,   are  similar  for  the  stable     branch  from  A  to 
B,  but  differ  substantially  for  the  branch  from  C 
to  E:  in  the  normal  mode  diagram,   the  group  velo- 
city may  apparently  be  négative  or  even  infinité. 
The  delta-function  modes  also  differ  substantially 
below  the  plasma  frequency,  with  the  branch  from  F 
to  G  in  the  normal  mode  diagram  disappearing . 
Values  of  V;^  corresponding  to  the  two  modes  of  excl 
tation  are  plotted  in  Fig.   3(c)  for  comparison. 

An  observational  dispersion  diagram  such  as 
Fig.   3(b),   for  a  pole-free  source,   has  the  advant- 
age  over  a  normal  mode  diagram  such  as  Fig.   3(  a) 
that  it  illustrâtes  the  causal  group  velocities, 
frequencies  and  wavenumbers  that  would  actually  be 
observed.     Since  the  velocity  y    of  a  spectral  com- 
ponent  at  frequency  :d  has  been  defined  as  real  and 
positive,   it  corresponds  to  the  usual  définition  of 
group  velocity  in  a  stable  médium,   and  extends  that 
concept  consistently  to  absorptive  and  unstable 
média.     It  is  anticipated  that  the  observational 
approach  and  dispersion  diagram  will  be  useful  in 
the  study  of  instabilities  in  inhomogeneous  plasmas 
and  in  ionospheric  ray  tracing. 

This  work  was  supported  by  the  NASA  and  the 
NSF.     The  authors  have  benefited  from  discussic 
with  Dr.  K.  J,  Harker. 
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It  has  recently  been  observed  in  a  set 
if  eiperiments  that  the  interaction  of  h.f. 
ields  with  plasmas  résulta  in  a  formation 
if  cavitons,  i.e.  density  cavities  with 
rapped  field.  To  interpret  thèse  experi- 
lents  one  adopta  as  a  rule  a  modulational 
.nstability  of  a  uniform  field,  which  is 
lupposed  to  produce  cavitons  in  the  non- 
.inear  stage.  But  in  a  majority  of  experi- 
lents  the  pvuap  fields  are  essentially  non- 
iniform  through  inhomogeneity  and  finit e 
lize  of  a  plasma,  non-unif ormity  of  exter- 
lal  sources  of  field  excitation  ets.  There- 
'ore  it  seems  necessary  to  develop  a  theory 
tî  modulational  instability  of  non-unif orm 
rields,  which  différa  from  that  of  uniform 
rield.  Moreover,  to  investigate  a  possibi- 
Lity  of  caviton  formation  and  to  détermine 
i  characteristic  time  of  a  process  one  must 
sxamine  initial  stage  of  plasma  évolution 
mder  the  action  of  non-uniform  pump  field. 

The  évolution  of  some  non-unif onn 
fields  was  a  subject  of  a  set  of  numerical 
Bimulations.  The  présent  report  deals  with 
m  analytic  investigation  of  1-dimensional 
Initial  évolution  of  intensive  non-viniform 
Langmuir  field  in  two  typical  cases: 
(i)  localized  pump  field  (isolated  peak) 
and  (ii)  standing  wave. 

Let  in  the  initial  moment  t«0  Langmuir 


pump  field  Eq=  &o(x)co8((A)ot  )  is  switched  on 
"instantaneously "  in  a  plasma.  A  pondero- 
motive  force  drives  in  plasma  the  coupled 
density  and  field  perturbations.  We  shall 
exfiunine  a  temporal  évolution  of  this  pro- 
cess at  a  linear  stage,  i. e.neglecting  the 
coupling  of  perturbations  and  their  influ- 
ence on  a  pump.  We  use  linearized  system 
of  équations  by  Zakharov  /V. 


(1) 


where    Cù^^A^(e^n^/m,  v^«:Tg/m,  rp«*v|/a)p,  c|= 
Tg/M,    Sn    is  a  density  perturbation  and 
6(x,t)  is  a  real  amplitude  of  field  per- 
turbation slightly  depending  on  time. 

The  absolute  instability  exista  if 
there  are  spatially  bounded  solutions  of 
uniform  aystem  (1),(2),  which  dépend  on 
time  as  exp(-iQt)  and  ImQ>0.  The  thresh- 
old  intensity  for  a  standing  pump  wave 
(6Q«»6^j^sin(kQx))  is  determined  from  the 
équations  o 

where  J^^^ij),  V„(  f")  (n«2,3,...)  are  the 

eigenvalues  of  Mathieu  équation  for  func- 

tions  se    and  ce„.  The  threshold  is  minimal 
n  n 

for  eigenmodes  se2(<3-6)  and  oe2(<3'"9). 
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Por  a  locallzed  pump  field  (4^0  as  x-*±co)     traction  and  deepening  with  growth  rate 
the  instability  threshold  is  of  order  a^^l      f'^  5n_   ^    5  expfy^oj,t) 

/  /.  Hère  Q  /^/r^,  where  A  is  a  scale  r,  v  o  // 

Of  field  localization  région.  There  is  a  '  e;r/)  C- ^  to^jA        IV  K^^^^^ç^)  • 

finite  discrète  spectnun  of  unstable  modes  The  field  amplitude  in  the  centre  of  cavi- 

both  in  a  standing  wave  field  and  in  a  lo-  ton  increases  with  the  same  rate.  At  lineai 

calized  one.  A  number  of  them  is  determin-  stage  the  density  cavities  scale  down  up  te 

ed  from  inequality  2n+1<Q  (n  is  a  whole  the  width  of  the  localization  of  the  ground 

number).  The  instability  growth  rate  peaks  mode,  A/^  .  The  duration  of  the  contrac- 

for  a  ground  mode  and  decreases  monotoni-  tion  is  determined  by  the  most  inertial 

cally  as  n  increases.  process,  i.e.  by  sound  Irradiation  out  of 

To  investigate  a  temporal  évolution  of  caviton,  X^à/a^, 
field  and  density  perturbations  we  complète         If  the  instability  threshold  is  weakly 

System  (1),(2)  by  initial  conditions  exceeded  there    are  few  unstable  modes  and 

(yn(t=0)=  <$n^(t«0)=6(t-0)=  6t(t=0)=  0.  density  profile  is  cusped  strongly  as  t  oo 
Then  it  is  easy  to  obtain  the  solution  for  Por  a  localized  field  redundant  den- 

small  time  t<|;^.  Density  perturbation  sity  is  squeezed  out  of  the  pump  peak  doma- 

Wn^-(3/4)c|ffn2  is  négative  near  the  in  and  is  irradiated  to  infinlty  as  sound 

pump  peaks  and  decreases  in  time.  A  pon-  compression  waves  with  velocity  Cg 
deromotive  influence  of  a  pump  field  on  a  ^  , 

plasma  gives  rise  to  density  cavities.  "  îllK^-^sf  -^W/f^^CgfjJ  -U/(V;] 

Their  scale  is  initially  of  order  A (  ( |xl>A  ).  Por  standing  wave  it  accumulâtes 

for  a  standing  wave)  and  does  not  dépend  near  nodal  points.  Linear  approximation 

on  pump  Power.  At  the  same  time  the  abso-      breaks  at  X^^"'^  Inû  »  v^""" 

(  mai  /  max' 

lute  value  of  field  perturbation  grows  as  m  conclusion,  a  linear  stage  of  the 

*  '  évolution  of  non-uniform  Langmuir  pump 

To  investigate  évolution  for  t  >y^;^       field  results  in  a  fonnation  near  pump 
we  suppose  the  threshold  to  be  strongly         peaks  of  contracting  and  deepening  density 
exceeded,  W^^^»  v\/i>  m/M  (for  a  stand-     cavities  with  trapped  field  (cavitons). 
ing  wave  here  and  below  one  must  substitu- 

te  A^for  k^).  m  that  case  ^^^^^O^^Ç^  Références. 

/  /  and  density  dynamics  is  described  by       1.  Zakharov  V.E.(1972)  Zh.eksp.teor.Piz. 

equajîion  /V  62.  1745  (Sov.Phys. JETP  ^,  908). 

'^^^h^  ~^P^^)%  =  2.  Davydova  T.A.,Shamrai  K.P.(1977)  Pizika 

with  initial  conditions  (rn(t-0)=(5^n, (t=0)-0.        ''"^'"^  (Sov. J.Plasma  Phys.)  2,  591. 
It  turned  out  that  for  t  >  y^;^  the  exci-     ^'  T.A.,Shamrai  K.P. (1978)Preprint 

tation  of  a  modulational  instability  near  I^st.Theor.Phys.  77-140P,  Kiev  (in  Rusjj 

pump  peaks  results  in  density  cavities  con- 
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MKB  MODEL  OF  THE  COLLAPSE  OF  LANGMUIR  WAVES 
B.N.  Breizman. 

Institute  of  Nualear  Physias,  Novosibirsk,  U.S.S.R. 


The  hypothesis  on  the  collapse  of 
Langmuir  waves  has  been  suggested  by 
y.E.Zakharov  in  1972  /^/,  Soon  afterwards, 
B  number  of  attempta  have  been  made  to 
formulate  the  conditions  under  which  the 
collapse  takes  place  and  to  describc  qua- 
litatively  its  dynamics  /2-5/.  The  basic 
équations  in  papers  /1-5/  were  the  équa- 
tions for  the  electric  field  amplitude  and 
for  the  low  frequency  perturbation  of 
plasma  density,  With  such  an  approach  the 
Length  of  Langmuir  wave  is  usually  assum- 
sd  to  be  comparable  with  the  size  of  a  po- 
tential  well  wherein  the  waves  are  trapp- 
îd,  i.e.  it  is  implied  that  the  number  of 
îigenmodes  in  a  well  is  small.  This  situa- 
tion is  very  complicated  for  analytical 
ïtudy  since  one  has  to  find  the  exact  "wa- 
/e  functions"  of  Langmuir  oscillations.  In 
jrder  to  avoid  this  difficulty,  we  shall 
îonsider  below  a  well  which  is  wide  enough 
ind  contains  many  eigenmodes  so  that  V/KB 
jpproximation  is  valid  and  the  oscilla- 
bions  can  be  described  by  Liouville  équa- 
tion /6,7/: 


(1) 


ïere,  the  inverse  plasma  frequency  is  cho- 
3en  as  a  unit  of  time,  the  length  and  the 
ïavevector  are  normalized  to  r-p   and  r^^  , 
fespectively,    H     is  the  perturbation  of 
plasma  density  normalized  to  the  unpertur- 
Ded  value. 

In  addition  to  eq.(l),  we  make  use  of 
Linearized  équations  of  hydrodynamics , 
i/hich  include  the  pressure  of  plasmons: 
3n 


ô-b 


dlvV  =  0 


(2) 


(3) 


The  ion  velocity  V     is  measured  hère  In 
the  units  of  électron  thermal  velocity, 
and  the  ion  masa  -  in  the  units  of  élect- 
ron mass. 

Prom  the  physical  [loint  of  view  the 
considération  of  the  collapse  problem  in 
the  framework  of  eqs.(1)-(3)  seems  to  be 
quite  naturel  since  the  qualitative  ar- 
guments for  the  two-  or  three-dimensionol 
collapse  and  against  the  one-d.imensional 
one  /8/  are  completely  applicable  to  the 
V/KB  case.  It  should  be  emphasized  that 
thèse  arguments  are  not  associated  with 
whatever  assiimptions  with  respect  to  pha- 
se corrélation.  Therefore,  they  are  valid, 
in  particular,  in  the  case  of  random  pha- 
ses . 

The  System  (l)-(3)  has  three  intégrais: 
the  number  of  plasmons,  total  momentum 
and  energy  are  conserved.  This  System 
gives  also  the  following  relationship 
(virial  theorem): 

'!le  shall  apply  it  to  the  slow  (subsonic) 
collapse  for  which  the  density  perturba- 
tion "follows"  the  pressure  of  plasmons, 
i.e.  n^s-^A/diT  andV^O  .  -'/ith  this 
simplifications  we  get 

^  Mr^/Vdf^olK  <  9  ^^^(a^KVdK  -  f  )h  Q  (5) 


The  right-hand  side  here  is  constant  be- 
cause  of  the  conservation  of  energy.  In- 
equality  (5)  shows  that  any  distibution 
of  plasmons  with  négative  value  of  Q  be- 
comes  singular  within  a  finite  time.  This 
resuit  is  similar  to  Talanov's  theorem 
for  the  self-focusing  /9/.  Por  the  sphe- 
rical-symmetric  problem  it  has  been  prov- 
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ed  previously  without  WKB  approximation 
/I/.  In  WKB  case  it  remains  true  even  in 
the  absence  of  symmetry. 

Let  us  now  consider  the  supersonic 
collapse.  It  is  possible  to  get  the  ana- 
lytical  solution  of  the  System  (l)-(3) 
for  this  case.  We  shall  demonstrate  it 
by  the  example  of  two-diraensional  prob- 
lem  with  axisymmetric  distibution  of 
plasma  density  ,  In  addition,  we  assume 
that  the  characteristic  time  of  collapse 
is  long  as  compared  to  the  period  of 
plasmon  motion  in  the  potential  well. 
Then  due  to  fast  phase  mixing,  the  spect,- 
rum  of  plasmons  tums  out  to  be  only  dé- 
pendent on  the  angular  momentum       =  K^l^ 
and  the  iradial  adiabatic  invariant 

(  E  is  the  energy  of  plasmon).  A  foiro 
of  the  function  is  determined  by 

initial  conditions. 

It  will  be  seen  from  what  follows 
that  for  some  initial  states  the  behavior 
of  density  is  self-similar : 

n=-(Vtrf(f)  ;   f-r/(u-t)  (6) 

This  self-similarity    exists  not  only  in 
IVKB  problem  of  collapse  but  also  in  the 
exact  one  (see,  e.g.,  /4/).  It  is  impor- 
tant to  note  that  if  the  relation  (6) 
holds,  then  the  boimdary  which  séparâtes 
the  trapped  plasmons  from  the  untrapped 
ones  on  the  plane  of  variables  lî]    and  I  , 
does  not  dépend  on  time.  Therefore,  one 
can  choose  the  function  A^(îH',  1  )  being 
equal  to  some  constant  /\J^  for  trapped 
plasmons  and  to  zéro  for  untrapped  ones. 
It  is  now  easy  to  calculate  the  pressure 
of  plasmons 

and  to  dérive  the  following  équation  for 
-f(9)   from  the  system  (2)-(3): 

M|^e(fi)^(|A/.-l)|^p|l=Om 


f(?)  = 


Mil 


(8 


^  3  ^ 

The  second  solution  of  eq,(7)  is  omitted  1 
since  it  gives  the  divergent  space  integ-i 
ral  of  n  . 

In  the  case  of  high  enough  intensity 
of  Langmuir  waves  ( /Vo  >  3/^  )  formula  (8) 
describes  the  collapse  of  Initial  distri- 
bution. It  is  easy  to  see  that  the  appli- 
cability  conditions  for  \VKB  approximation 
and  for  the  conservation  of  adiabatic  in- 
variant do  hold  during  the  whole  process 
of  collapse  provided  they  are  fulfilled  a 
the  initial  moment. 
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*  Similar  solutions  can  be  found  for  the 
three-dimensional  spherical-symmetric  ca- 
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The  expérimental  Gtudy  of  cffects 
arising  in  a  course  of  passing  a  focused 
beam  of  V/  band  microwaves  across  the  ar- 
gon plasma  stream  flowing  out  of  an  arc 
plasmatron  into  rarefied  gas  through  a 
supersonic  nozzle  have  been  carried  out. 
rhe  spécifie  parameter  determining  a  le- 
vel  of  the  nonlinearity  of  plasma  li/Ep 
/I/  under  the  expérimental  conditions  re- 
iched  the  value  5+10.  The  parameters  of 
jndisturbed  plasma  in  the  région  of  irra- 
iiation  were:  concentration  of  électrons 
ip=10    ♦10  -'^cm       électron  température 
1^=0, 1*0, 3e-V,  neutral  gas  density  Yi^^ 
10'''^+10''^cm~^,  velocity  of  flow  Vq=(1*2)- 
lO^cm.sec"^ . 

The  diagnostics  of  plasma  was  carried 
out  by  means  of  a  microwave  interferome- 
ter  with  enhanced  resolution  /2/,  The 
space-time  distribution  of  a  microwave 
field  behind  a  plasma  layer  was  studied 
with  a  mobile  receiving  antenna  to  deter- 
nine  the  effects  of  self-action  of  the 
wave  passed  through  plasma., 

The  puise  of  the  microwave  signal  of 
Imsec  duration  at  frequency       was  mixing 
with  the  test  signal  of  2msec  duration  at 
the  displaced  frequency  Î2  (Af=0,2gcps, 
P2/P-]  ^10"^)  in  a  waveguide  line  loaded 
to  the  hom-lens  antenna.  The  test  puise 
passed  ahead  the  powerful  puise  over  0,5 
usée.  In  plasma  région  the  microwave 
field  represents  the  almost  parallel  beam 
with  half-width  3cm  and  intensity  up  to 
SOV/cm.  The  intensity  measurements  of  the 
test  signal  behind  a  plasma  layer  have 
made  easy  discrimination  of  the  nonlinear 
effects  against  a  background  of  the  ef- 
fects related  to  the  nonhomogeneity  and 
tionstationarity  of  a  plasma  stream  and 


made  it  possible  to  appreciate  a  charac- 
ter  of  the  relaxation  of  the  plasma  di- 
sturbance  caused  a  powerful  signal. 

The  time-dependencies  of  the  plasma 
density  on  the  axis  traverse  of  the  micro 
wave  beam  and  plasma  stream  and  the  ampli 
tude  of  the  passed  (on  the  frequency  f2) 
wave  as  a  function  of  gas  expenditure  by 
plasmatron  and  on  gas  pressure  in  à  vacu- 
um  vessel,  the  space-time  distributions 
of  the  plasma  density  and  wave  amplitude 
behind  plasma  flow  at  various  power  le- 
vels  of  the  microwave  beam  were  studied. 

The  oscillograms  (Pig.1)  show  a  time 
dependence  of  the  amplitude  of  the  pass- 
ing signal  and  électron  concentration  in 
a  center  of  the  microwave  beam  on  the 
plasma  axis  in  régimes  in  which  the  non- 
linear interaction  of  a  wave  with  plasma 
is  observed.  The  régimes  with  nonlinear 
growth  of  the  intensity  of  a  signal  on 
the  axis  of  a  beam  (Fig.la)  are  observed 
in  the  range  np>0,2.10    cm      and  0,12  <p< 
0,25  torr.  Spécifie  time  of  establishing 
the  stationary  state  is  varied  from  Imsec 
to  0,  HO,  2msec  with  the  increasing  p  and 
np.  Over  this  period  of  time  the  level  of 
the  test  beam  passed  through  plasma  beco- 
mes  2+8  times  as  high  as  the  undisturbed 
one.  As  seen  from  the  oscillograms  the  in 
fluence  of  a  powerful  microwave  beam  on 
plasma  in  thèse  régimes  leads  to  essenti-- 
al  decreasing  the  density  of  plasma  on 
the  axis  of  a  beam;  this  decreasing  rea- 
ches  50-80%  from  the  imdisturbed  density 
and  seems  to  be  the  determining  factor  in 
the  process  of  self-action  of  a  powerful 
wave.  V/ith  the  increasing  np  and  p  the 
growth  of  intensity  during  a  time  of  a 
powerful  puise  is  changed  by  its  decreas- 
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ing  and  further  by  nonmonotonic  time  dé- 
pend ence.  As  a  rule,  the  initial  fall  is 
changed  by  the  more  weak  increasing  (Fig. 
1b). 

In  Fig. 2  are  shown  the  space  profiles 
of  the  passed  wave  intensity,  The  profi- 
les are  plotted  for  various  periods  of 
time  after  switching  the  powerful  puise 
on.  The  profiles  of  Pig,2a  correspond  to 
the  régime  in  which  the  oscillograms  (in 
Pig.la)  are  recorded.  In  this  régime  nar- 
rowing  the  basic  lobe  of  the  directivity 
diagram  of  the  antenna  in  the  nonlinear 
régime  (selff ocusing)  as  well  as  the  in- 
creasing the  total  power  passed  through 
plasma  ("transparency  enhancement"  of 
plasma)  takes  place,  The  effect  in  this 
régime  has  pronovmced  threchold  character: 
the  decrease  of  power  2  times  completely 
takes  off the  observed  effect. 

The  profiles  shown  in  Fig, 2b  corres- 
pond to  the  conditions  when  on  the  axis 
of  a  beam  one  can  observe  the  fast  decre- 
ase of  the  sigaal  intensity  in  time  of  ac- 
tion of  the  powerful  puise  or  else  see 
the  oscillations  of  this  intensity  (Pig. 
1b).  As  seen  from  the  plotted  profiles 
the  displacement  of  the  maximum  intensity 
région  takes  place,  i.e.  the  tum  of  a  mic- 
rowave beam  in  the  direction  of  moving 
the  plasma, i.e. the  nonlinear  refraction, 
The  nonmonotonic  dependence  of  the  inten- 
sity on  the  axis  of  a  microwave  beam  on 
time, as  seen  from  this  Pig.is  caused  by 
lamination  of  a  microwave  beam.  The  dec- 
rease of  power  of  the  basic  beam  leads  to 
decreasing  the  velocity  of  the  beam  tiim 
and  decreasing  the  displacement  of  the  ré- 
gion with  maximum  intensity  from  the  un- 
disturbed  state.  The  mechanisms  of  the  ob- 
served phenomena  of  the  microwave-beam  ac- 
tion on  the  characteristics  of  the  test 
beam  passed  plasma  may  be  satisfied  from 
the  analyais  of  the  space  distribution  of 
plasma  density  disturbed  by  a  powerful 
puise.  As  seen  from  the  interf erograms  ta- 
ken  readings  in  différent  régions  of  plas- 
ma flow  near  the  axis  of  a  microwave  beam 
under  influence  of  a  powerful  wave,  the 
density  distribution  "dip"  is  formed. 


This  "dip"  is  smoothly  lowered  down  on  a 
stream  and  tumed  more  or  less  sharply 
into  a  "hump"  on  moving  the  sensor  of  an 
interf erometer  up  on  a  stream  to  the  plae 
ma  injecter.  So  the  asymmetric  nonimifor- 
mity  of  the  plasma  density  distribution 
across  the  direction  of  the  microv/ave  be- 
am propagation  is  developed.  Just  as  the 
depth  of  disturbance  so  Its  asymmetry  dé- 
pend on  the  relations  ber.veen  the  gas 
pressure,  density  of  undi^turbed  plasma 
and  stream  velocity,  The  self-f ocusing  of 
wave  or  the  nonlinear  refraction  in  the 
wave  caused  nonunif ormity  are  observed  on 
dependence  on  the  depth  of  a  "dip"  and 
steepness  of  incline  of  the  plasma  densi- 
ty distribution. 
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[ntroduction ;  Two  différent  types  of  non- 
Linear  électron  puises  have  been  observed 
îxperimentally  and  in  numerical  simulations 
''1-2/,  namely,   a  corapressional  structure 
:orresponding  to  a  négative  potential  which 
jas  identified  as  a  Korteweg-de  Vries  soli- 
:on,   previously  observed  and  described  by 
Ckezi  et  al.   /3/,   and  a  puise  with  posi- 
:ive  potential  indicating  a  déficit  of 
îlectrons  which  we  refer  to  as  an  électron 
lole.   This  électron  hole  appears  as  a  BGK 
îquilibrium  /4/  and  our  numerical  simula- 
:ions  show  that  it  is  associated  with  a 
^ortex-like  configuration  in  phase  space , 
:hus  resembling  the  almost  stationary 
îtructures  observed  in  a  number  of  computer 
simulations  of  the  électron  two-stream  in- 
)tability  /5/.   In  this  paper  we  report 
)bservations  of  the  mutual  interaction  be- 
:ween  électron  holes  and  their  interaction 
/ith  the  KdV  solitons. 

îxperiment :   The  experiment  was  conducted 
.n  the  Ris0  Q-machine  operating  in  the 
îingle-ended  mode.  A  caesiuin  plasma  was 
)roduced  by  surface  ionization  on  a  hot 
lantalum  plate,   3  cm  in  diam.  A  homogeneous 
lagnetic  field  of  0.4  T  strength  confined 
:he  plasma  radially.   Electron  and  ion  tem- 
)eratures  were  '^^  0.2  eV  and  plasma  densi- 
:ies  were  in  the  range  10^-10^  cm"-^.  Col- 
.isions  were  entirely  unimportant  for  the 
)ulse  propagation.  The  plasma  was  sur- 
rounded  by  a  grounded  cylindrical  brass 
:ube  of  4  cm  inner  diameter  acting  as  a 
/aveguide.   Puises  or  waves  were  excited  by 
leans  of  a  terminating  brass  tube  30  cm  in 
.ength  /6/.  We  obtained  a  dispersion  re- 
.ation  for  small  amplitude  électron  oscil- 
.ations  /2/  that  fitted  very  well  to  the 
?rivelpiece-Gould  expression  including 
;hermal  effects 


(ka)  ' 


(1) 


rith  0)  =  the  électron  plasma  freg.,  a  = 
:he  plasma  radius/2.4,  and  v^  =   V'T^Tnî^  • 

Jy  exciting  short  négative  puises  at  x  = 
).3  m  with  amplitudes  of  the  order  of  1  V 
ind  durations  of  the  order  of  a  plasma 
)eriod    (=  2Tr/oo  )   we  obtained  the  traces 
)f  the  spatial  development  of  the  measur3d 
)otential  variations  shown   In  Figs.   1  and 
î.   In  Fig.   1  we  applied  two  puises    (<t>^  .  ) 
■,o  the  tube  creating  two  solitons    (S,  'f 
ind  two  holes   (H^  ^)  .  We  see  that  ' 


passes  right  through         causing  only  a 
phase  jump  of  H^^ .   In  Fig.   2  a  short  puise 
followed  by  a  long  tail  was  applied,  creat- 
ing two  holes    {E^  ^)   with  a  small  velocity 
différence.  We  seé  that  the  holes  attract 
each  other  and  coalesce,   remaining  toge- 
ther  for  the  total  length  of  the  tube.  If 
the  two  holes  were  created  so  that  they 
moved  against  each  other  in  the  laboratory 
System,   they  were  then  observed  to  pass 
through  each  other. 

Simulation  ;  In  order  to  make  a  numerical 
simulation  of  our  experiment  we  used  the 
program  described  in  Réf.  7  which  employs 
the  particle-in-cell  method  with  a  leap- 
frog  scheme  for  the  movement  of  50,000  si- 
mulation particles.  The  electric  potential 
was  calculated  from  Poisson 's  équation 


Fig.  1 

in  the  form 


appropriate  for  a  strongly  magnetized 
plasma  in  a  waveguide  where  only  the 
lowest  radial  mode  is  considered.   In    (2) , 
n  and  n     are  the  électron  and  ion  densi- 
ties  respectively ,  where  the  ions  are  as- 
sumed  to  be  immobile.  The  total  energy  of 
the  System  was  calculated  at  each  time 
step  and  we  found  energy  conservation  to 
be  better  than  2%.  Figs.   3-4  show  the  tem- 
poral development  of  the  potential  varia- 
tion and  the  phase  space.   Here  (J)  = 
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Fig.  3 

^m(a)  a)Ve,   \^  =  t^e  électron  Debye  length, 
and  ^V^^  =   (2Tg/m)^.   In  Fig.   3  the  situa- 
tion is  similar  to  that  in  Fig.   1.  We  ob- 
serve that  the  soliton  S2  passes  through 
the  hole  H,  ,  each  being  virtually  unaffect- 
ed.   Some  of  our  simulations  indicate,  how- 
ever,   that  the  hole  can  expérience  a  small 
phase  jump  and  velocity  increase  when  the 
soliton  passes  through  it.  Fig.   4  shows  a 
case  similar  to  that  of  Fig.   2,  and  again 
we  observe  the  attraction  and  coalescence 
of  the  two  holes,   H     and  E^.  As  in  the  ex- 
periment  the  simulation  shows  that  two 
holes  pass  through  each  other  if  their  vel- 
ocities  are  opposite  in  the  laboratory 
System. 

Conclusion;  We  have  investigated  the  inter- 
action of  two  différent  types  of  solitary 
structures,  namely  a  KdV  soliton  and  an 
électron  hole,   in  an  essentially  one-dimen- 
sional  system.  We  observed  that  the  soli- 
ton and  the  hole  will  pass  through  each 
other  with  very  little  disturbance,  similar 
to  the  case  of  two  solitons  /3/.  On  the 
other  hand,   two  holes  will  coalesce  if 
their  relative  velocities  are  small,  and 
pass  through  each  other  for  large  relative 
velocities.  Finally,  we  should  like  to 
point  out  that  the  électron  hole  may  be 
important  for  the  description  of  Langmuir 
turbulence  in  the  case  of  strong  couplinq 
/2,8/.   ^ 
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STRONG  TURBULENCE  IN  PARTIALLY  IONI2ED  PLASMAS 
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Introduction:   The  variation  of  the  power 
spectrum  of  turbulent  potential  fluctua- 
tions in  a  rotating  low-3  plasma  was  inves- 
tigated  for  varying  neutral  background 
pressures.  For  low  pressures  we  find  an  f  ^ 
spectrum.  At  a  well-defined  neutral  press- 
ure where  the  ion  neutral  collision  fre- 
quency  is  close  to  the  ion  cyclotron  fre- 
quency  we  observed  a  pronounced  change  in 
the  universal  part  of  the  spectrum,  result- 
ing  in  an  approximate  f     '  spectrum. 

Expérimental  results:  The  experiment  was 
conducted  in  a  caesium  plasma  produced  by 
surface  ionization  on  a  hot   ('^.  2000  K) 
spiral  made  of  2  mm-diameter  tantalum  wire. 
The  hot  filament  imposed  an  almost  para- 
bolic  potential  variation  across  the  plasma 
column,  giving  rise  to  an  electric  field, 
E^,  which  increased  linearly  with  radius; 
the  field  direction  being  towards  the  cen- 
ter  of  the  plasma  column.  Together  with  a 
homogeneous  confining  magnetic  field,  vari- 
able in  the  range  0.7-3  kG,   this  electric 
field  gave  rise  to  a  nearly  shear-free, 
"solid  body"  E^xb/B^  rotation  of  the  entire 
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plasma  column.  The  length  of  this  column 
was  'V  1  m  and  its  radius,  R       4  cm.  Plasma 
densities  were  10^-10''"'^  cm""^  and  tempéra- 
tures T     'V  T.        0.2  eV.   Figure  1  shows  the 
e  1 

expérimental  set-up  schematically .  Figure 
2a  shows  the  radial  potential  profile  and 
Fig.   2b  the  corresponding  density  vari- 
ation and  density  fluctuations  n  at  a  low 
neutral  pressure,   p  =  10  ^  mm  Hg.  For  fur- 
ther  détails  see  refs.  /1-2/.    (The  abscissa 
in  Fig.   1  of  réf.   /2/  should  be  corrected 
as  shown  in  Fig.   2  here) .  Thèse  profiles 
are  somewhat  varying  with  neutral  pressure. 
Fluctuations  in  floating  potential  were 
detected  as  in  rel.  /2/'.  We  obtained  power 
spectra  like  those  shown  in  Fig.   3a.  Con- 
tinuous  spectra,   indicating  fully  develop- 
ed  strong  turbulence,  were  found.  Fluctu- 
ation levels  n/n    were  in  the  range  10-40%. 


Fig.  2. 


In  the  following  we  shall  be  concerned  only 
with  the  high  frequency,   or  "universal", 
part  of  the  spectrum.  Two  sutaranges  were 
distinguished,  denoted  "production"  and 
"coupling".  Récent  theoretical  investi- 
gations /3/  predict  a  wavenumber  dependence 
k~^  and  k~^  of  the  potential  power  spectrum 
G(k)    in  the  two  subranges  at  low  neutral 
pressures.    (The  spectrum  is  defined,  assum- 
ing  locally  homogenous  and  isotropic  tur- 
bulence,  so  that  <4)^>  =  Jo  G(k)dk.)   Due  to 
the  rapid  rotation  of  the  plasma  column  we 
may  rely  on  Taylor ' s  hypothesis  when  com- 
paring  measured  frequency  spectra  with 
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theoretical  wave  number  spectra,  i.e., 
assume  co  -  kV^,  where        is  the  magnitude 
of  the  plasma  mean  drift  velocity  at  the 
position  of  the  detecting  probe.  Spectra 
obtained  by  this  assumption  agrée  with  the 
définition  above. 

After  increasing  the  neutral  background 
pressure,   p,  with  argon  or  nitrogen  we 
observed  a  change  in  the  spectral  index 
for  the  two  subranges.  The  index  variation 
is  shown  in  Fig.   3b  as  a  function  of  p/B 
or  in  more  relevant  terms  v/î^^, where  v  is 
the  ion-neutral  collision  frequency  and 
the  ion  cyclotron  frequency.  When  calculat- 
ing  V  we  took  a  représentative  collision 
cross  section  a  =  V-IO""'"'^  cm^.   In  reality 
a  varies  somewhat  with  ion  velocity,  but 
this  will  not  qualitatively  affect  our 
interprétation  of  the  following. 


nm  Hg 

"^""^v^ /^2-10"2mtT 
^sir5-10"2mrT 

Hg 
Hg 
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a 
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By  cross-correlating  the  signal  from  two 
Langmuir  probes  across  and  along  the  plas- 
ma column  we  found  that  the  perturbations 
were  strongly  f ield-aligned  and  travelled 
in  the  azimuthal  direction.  Filtering  the 


two  probe  signais  before  performing  the 
corrélation,  we  determined  tne  effective 
dispersion  relation  for  the  fluctuations 
and  found  for  the  subranges  in  question 
that  the  propagation  velocity  was  close  t( 
the  calculated  E^xB/B^  rotation  velocity. 

For  low  neutral  pressures  we  identify  the 
instability  driving  the  turbulence  as  a 
gradient-driven  "universal"  instability 
where  the  "centrifugal  force"  on  the  ions 
enhances  the  growth  relative  to  a  non- 
rotating  plasma  column  /4/.  For  higher 
neutral  pressures   (v  comparable  to  fi^) , 
theory  /5/  predicts  strongly  f ield-alignec 
perturbations,   travelling  with  the  E^xB 
électron  velocity 
observation 
for  thèse 

i)   a  gradient  term,  and  ii)   a  term  that  me 
give  rise  to  instability   (the  Farley- 
Buneman  instability  /5/)   also  in  uniform  \ 
plasmas.  1 


— o  —  i 

velocity  in  agreement  with  our  i 
ons.  The  linear  growth  rate,   r,  1 
instabilities  contains  two  termg 


r=  (V 


V.   )^  ^ 


3n 


eo     io  Q. 


-V.    )   -c   ]  . 


By  calculating   (V^^-V^^)   at  the  edge  of  th 

plasma  column  we  found  that  the  change  in" 

spectral  index  sets  in  when   (V     -V .    )    >  C 
eo     lo  s 

i.e.,  when  the  last  term  changes  sign,  thu 
enhancing  the  instability.  We  determined 
the  ion  velocity  from  the  ion  rotation  fre 
quency,  w^,  using  the  relation   (1+2  w  /n . ) 

[(V"i)-(V"i)-(V^i)^]  =  (V"i^  (^/"i^ 

where  oj^  is  the  uniform  E  xB  rotation  fre- 
quency. Note  that  an  increase  in  the  B- 
field  requires  a  roughly  proportionate  in- 
crease in  collision  frequency  v,   i.e,,  an 
increase  in  neutral  pressure,   to  produce 
the  same  w^.   This   is  precisely  what  is  in- 
dicated  by  Fig.  3b. 
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^TRODUCTION:    Theoretical   investigations  of 
)nlinear  modulation  of   strongly  dispersive 
Lectrostatic  plasma  oscillations  /!/  have 
îmonstrated  the  importance  of  including 
le  effect  of  nonlinear  Landau  damping, 
.e. ,   the  résonant  partiales  at  the  group 
îlocity  of  the  wave.   The  contribution  of 
lese  particles  modify  a  nonlinear  Schr0-  . 
inger    (NLS)    équation  for  the  wave  envelope 
'  a  nonlocal  term.   For  électron  waves  in 
ibounded  plasmas  only  the  résonant  ions 
:e  generally  of  importance  in  this  connec- 
.on  /2/.   In  the  présent  paper  we  report 
ivestigations  of  électron  plasma  waves  in 
>unded  plasmas  where  the  dispersion  re- 
ition  is  modified  so  that  résonant  elec- 
•ons  play  the  dominant  rôle.   We  consider 
ives  in  a  strongly  magnetized   (lù       <<  co  ) 
.asma  waveguide  with  radius  r   .  ^^ConsiSe-^ 
.ng  the  ions  as  a  stationary  Uniform  neu- 
■alizing  background  the  linear  dispersion 
îlation  for  électron  plasma  waves  becomes.: 
!/k)^"=  (ijp/ (kj_+k'' )  +  3v|  where  Vg  =  A'g/m 
lile  k  is  the  axial  wave  number  and  k,  =^ 
4/rQ.  We  consider  only  the  lowest  order 
idial  mode.   For  many  laboratory  exper- 
lents  of  interest  oj/k  >>  Vg  so  linear 
indau  damping  is  negligible.  Moreover, 
.rticle  trapping  may  also  be  ignored  for 
lakly  nonlinear  waves.   However  for  certain 

the  group  velocity  Vg  will  be  close  to 
,.  We  dérive  a  modified  WLS  équation 
.kirig  into  account  thèse  résonant  par- 
oles,  and  présent  preliminary  exper-- 
lental  results  supporting  our  results. 

:eorY:  Our  basic  équations  are  the  one- 
mensional  électron  Vlascv  équation  and 
iisson's  équation  modified  to  take  into 
count  the  finite  geometry 

-^i-âH^H^i^v)  =0 

I  -  *  =  n-1  (2) 

th  /fdv  =  n,   JfQdv  =  1  where  f    (v)    is  the 
perturbed  électron  velocity  distribution 
nction.   The  perturbed  density  n  is  nor- 
lized  with  n^,  v  with  u     ;  Wp/kj_,   t  with 

X  with  kjl  and      with  u^m/e .  The 
efficient  a  "  0.72  originates  from  the 
pansion  in  radial  eigenmodes  /3/  where 
ly  the  lowest  one  is  considered  here.  To 
udy  the  long  time  amplitude  variation  of 
ectron  plasma  waves  we  use  a  multiple 
me-scale  analysis  and  proceed  in  a  manner 
ry  much  similar  to  the  one  employed  in 
/.   Substituting  an  expansion  of   {f,^^)  in 
wers  of  c  into   (l)-(2)   we  obtain  a  set  of 
uations  for  each  power  of  z.   By  success- 
ely  removing  secularity-producing  terms , 
finally  obtain 


as   the  nonsecularity  condition  to  third 
order,  where  i  =  e^t  and  r  =  c (x-v  t) . 
Equation    (3)    has  the  form  of  a  modified  NLS 
(eq.)   where  the  nonlocal  term  accounts  for 
the  effect  of  résonant  particles  at  v„ 
/1,2/.   The  coefficient  p  =    î^dv  /dk,  while 
q  and  s  are  complicated  functiôns  of  k.'A 
NLS  eq.    in  the  cold  plasma  limit  was 
derived  previously  /3/.  The  présent  équa- 
tion differs  not  only  in  the  nonlocal  term 
but  also  in  the  signif icantly  modified 
coefficient  q,in  particular  we  have  a  sign 
reversai  of  q  even  for  moderately  small  k, 

see  fig.   1  where  q  and  s  are  shown  as 
functiôns  of  k  for  the  case, where  fQ(v)  is 
chosen  to  be  a  Maxwellian.  The  dotted  line 
shows  q  in  the  cold  plasma  approximation 

We  now  introduce  the  real  functiôns 
p(?i,T)   and  9  {?;,t)    thxough  a  =  pexp(iô)  and 
note  that   (3)   has  a  plane  wave  solution: 
p  =  Po  =  const,    9  =  Gq  =  -qPot  =  6ut,  where 
ôu  accounts  for  the  frequency  shift.  Note 
that  6a)  is  independent  of  s.  To  examine  the 
stability  of    (3)   we  modulate  this  solution 
by  introducing  a  small  perturbation: 


(q)    =   (qO)   +   ill)   exp[i(KC-^2T)  ]   +  ce. 


Fig.  1 

The  linearized  dispersion  relation  obtained 
from   (3)    détermines  0.  =  oQj.{K)   +  ir(K), 
where 


-  =  kMp'k^  -  2p^qp}  (4a) 
fi^r  =  -p-s.K|k|p^  (4b) 

Eqs.  (4)  show  that  the  résonant  particles 
at  V  make  the  électron  plasma  wave  un- 
stabie  for  any  amplitude  modulation,  con- 
trary  to  the  case  when  this  effect  is  ab- 
sent (i.e.  s  :^  0),  where  a  necessary  con- 
dition for  instability  is  p-q>0.  In  the 
case  s  =  0  the  instability  is  purely  grow- 
ing  in  the  group  velocity  frame  of  refer- 
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ence   (GR) ,   i.e.,   the  frequency  has  no  real 
part.  Considering  an  initial-value  problem 
where  the  modulation  is  applied  at  t  =  0 
with  wave  number  K,   the  instability  will 
manifest  itself  in  the  lab.   frame  as  two 
growing  sidebands  shifted  from  the  carrier- 
wave  frequency  by  ±Kv     (Fig.   2,  where  only 
the  effect  of  amplituâe  modulation  is 
shown)  .   However,   in  the  case  s  7^  0  the  fre- 
quency has  a  real  part,  and  for  p'S<0  we 
find  that  r>0  for  disturbances  with  fi  /K>0 
and  r<0  for  n^/K<0.   Considering  again  an 
initial-value  problem,  we  see  that  the  two 
modes    (one  growing  and  one  damping)    in  GR 
give  rise  to  two  lower-  and  two  upper-side- 
bands  in  the  laboratory  frame  as  shown 
schematically  in  Fig.  2. 

EXPERIMENT.   Preliminary  expérimental  re- 
sults  on  the  électron  wave  modulation  were 
obtained  in  the  Ris0  Q-machine  in  single- 
ended  opération.   The  plasma  is  confined  ra- 
dially  by  a  strong  magnetic  field       0.4  T, 
has  a  density  ==4  «10^  cm      and  T     -0.2  eV, 
i.e.,  u  /Vg  -  15.   By  applying  a  modulated 
oscillation  to  the  floating  cold  end-plate, 
we  excited  an  amplitude-modulated  électron 
plasma  wave.  The  wave  propagation  was  in- 
vestigated  by  an  axially  movable  Langmuir 
probe  connected  to  a  capacitive  amplifier. 
Fig.   3a  shows  the  évolution  of  the  fre- 
quency spectrum  for  a  modulated  wave  at 
large  amplitude   (only  nearest  sidebands  are 
shown) .  The  sidebands  grow  with  distance. 
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Fig.  3a 


Fig.  3b 


Fig.  1. 

We  have  ensured  that  alternative  inter- 
prétations /4 , 5/  can  be  ruled  out  in  the 
présent  experiment. 
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Fig.  2 

The  growth  rate  for  both  sidebands  were 
found  to  scale  roughly  with  the  square  of 
the  applied  amplitude  Fig.   3b,  where  the 
growth  rate  of  the  lower  sideband  is 
plotted. 

To  interpret  thèse  results  in  terms  of 
the  presented  theory,  we  note  that   (3)  is 
more  suited  to  an  initial-value  problem 
than  to  a  boundary-value  one  applicable  to 
the  expérimental  situation.  This  is  espe- 
cially  true  because  the  nonlocal  term  must 
take  another  form  when  applied  to  the 
boundary-value  problem.   However,   at  least 
qualitatively ,  one  should  expect  a  k-spec- 
trum  with  multiple  sidebands  like  the  w- 
spectrum  in  Fig.   2    (s  7^  0)  .  The  frequency 
spectrum,   on  the  other  hand,   consists  of 
the  two  "applied"  sidebands  both  growing 
in  agreement  with  measurements    (Fig.  3a). 
Furthermore  the  spatial  growth  rate  K.  = 
r/v  ,   i.e.,   approximately        °^  (})^  (Eq. 
4b)  ,  which  also  agrées  with"'"the  miisure- 
ments.   By  varying  the  carrier  frequency  we 
found  that  the  growth  rate  increased  for 
v     approaching  v^  as  expected  from   (4b)  and 
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PHYSICAL  PICTURE  OF  THE  HIGHER-ORDER  LANDAU  MODES  OF  ELECTRON  PLASMA  WAVE 
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'Institute  of  Spaae  and  Aeronautiaal  Soiei 
itroduction :   The  higher-order  Landau  modes 
îre  theoretically  analyzed  by  Derfler  & 
.monen/1/  using  a  set  of  the  plasma  wave 
motions.     In  order  to  make  clear  the 
îaning  of  the   individual  hiqher-order 
indau  mode,  we  caloulate  the  dispersion 
îlations  of  the  électron  wave  in  a  two- 
ixwellian  plasma/2/  and  also  in  a  water- 
ig  plasma/3-4/  for  u)/a)p<l  (0)^  :  électron 
.asma  trequency),   and  cojupaie  ilie.M  w  1  L/i 
le  previous  exper iment/4/ .      It  is  found 
lat  the  higher-order  Landau  mode  strongly 
ïpends  on  the  température  in  the  hiah 
lergy  tail  of  the  électron  distribution. 
■  spersion  relations  :   In  the  case  o f  the 
/o-?tewellian (température) ,  one  dimension- 
.  distribution  of  électrons  is  written  as, 
F{t,x,v)=fQi(v)+fo2(v)+f {t,x,v) ,  (1) 
fol,2  =  l,2(m/2^kTi,2)     exp  (-mv  V2kTi ,  2 ) 
n2/ni=a<<l,  T2/Ti=b>l. 

dénotes  the  perturbed  distribution,  and 
le  subscripts  1  &  2  dénote  the  cold  nart 

the  hot  part,   respectively .     The  basic 
îuations  are  the  Maxv/ell  équation  apnrox- 
[lated  by  the  dipole  excitation  and  the 
Lnearized-collisionless  Eoltzmann  equa- 
Lon.     Using  the  Fourier-Laplace  transfor- 
ition,   the  dispersion  relation  is  given 
Lth  the  derivative  of  the  plasma  disner- 
Lon  function  Z'   as  follows; 

n=( '^pi/^e  1  '  '  -  '  ( •^/'^n^e  1  '  +  ^ '"p2/^e 2 '  '  • 


where  '^qi^2'^'''^^'^1,2^^''      •  '^.2"°'   ^"'^  ' 

and  ns.3,   the  modes  are  named  as  the  funda- 

mental  Landau  mode  and  the  hirher-order 

Landau  modes,  respectively. 

In  the  case  of  the  water-bac  model ,  the 

distribution  is  composed  by  the  "laxwellian 

plus  a  water-bag  due  to  the  random  motion 

of  monoenergetic  électrons.     The  dispersion 

relation  is  shown  as  follows/3-4/; 

kA=('^pl/^ei'        (^An^9l)  +  ('^pc/Vc'  V 

[(a)/k^v^)2-l],  (3) 
where  v^,  and  Wpc  dénote  the  truncated 

w^lnni1-y    anH    the  ç^r-Y^^n    pl^qpi;^    ^^r-panf=nr-v  . 

The  eas.2  and  3  are  calculated  usine 
the  Newton-Raphson  method  for  a=0 . 1  and  b= 
B (=v^/vg^) =4-50 ,   and  shown  in  rios . 1  and  2, 
respectively.  One  can  see  in  Fig.l,the  two- 
temperature (modif ied  fundamental  Landau) 
modes  with  4<b<22  merge  into  the  3rd-order 
Landau  mode(a=0).     For  23<b<32,   it  merges 
into  the  4th-order  Landau  mode,  seauential- 
ly.     However,   as  shown  in  Fig.2,   the  phase 
velocity  can  be  varied  arbitrarily  with  B 
in  the  case  of  the  water-baa  model. 
Discussion:   The  experiment  was  performed 
using  the  chamber  at  the  Institute  of  Space 
and  Aeronautical  Science,   University  of 
Tokyo/4/.     'Jith  the  hiqh  anode  voltage  of 
the  glow  mode  plasma  source,   a  typical 
energy  distribution  and  the  dispersion  re- 
lation are  shown  in  Fig.3.     From  the  in- 
serted  fog.,  we  obtain  a=0.07  and  b=4  for 
the  two-temperature  model,   and  B=10   for  the 
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water-bag  model,  The  dispersion  relations 
observed  agrée  with  that  of  the  two-temper- 
ature  model  shown  by   (3)    &   (4)    for  b=4 . 

In  suiranary,  when  the  monoenergetic  élec- 
trons are  injected  into  the  plasma  for  the 
non-Maxwell ian  experiment,   they  are  assumed 
to  be  soon  thermalized  with  the  finite  tem- 
pérature T2  and  contribute  to  the  higher- 
order  Landau  mode.     The  authors  thank  Prof. 
Y.  Kawai  of  Kyushu  University  for  discus- 
sion,  and  Prof.  T.  Okuda,  Prof.  O.  Mikami 
and  Prof .A.Kimpara  for  encouragements. 
This  work  was  supported  by  Extra  Research 
Budget  of  Chubu  Institute  of  Technology. 
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Fig.l.  Dispersion  relation  of  the  two- 
temperature  model  f rom  eq . 2 


Fia. 2 .Dispersion  relation  of  the  water-baç 
TOdel  :''rom  en,  3 
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,Fig. 3 .Comparison  with  the  experiment/4/. 

The  inserted  figure  shows  an  energy 
distribution  with  Ti=7eV,  T2=28eV, 
a=0.07,   and  the  truncated  potential 
Vj,=70V. 
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slope,  while  the  sidebands  are  still  growing  (Figs 
(4-9)).      The  frequencies  of  the  lower  sidebands 
are  respectively  oi^^  =  1.092,  a)^^^  =  1-068  and 
<^^3  =  1.033  and  uj^^  =  1.196,  i^^^  =  1.225.  and  o)  ^  = 
1.256.     We  note  that         +  oj^^  =  2.288,  (^^^  +  %2  ^ 
2.293  and  uj^^^  +      3  =  2.289,  while  the  frequency 
of  the  first  harmonie  is  =  2.284.     If  in  addi- 

tion we  note  that  the  wavenumber  of  the  first  har- 
monie is  2k^  =  0.6,  and  that  k^^^  +  k^^  =  k^^  ^  2 
=  kj^3  +  k  =  0.6,  our  results  elearly  points  to  a 
nonlinear  eoupling  between  the  first  harmonie  and 


the  sidebands  ,   We  also  note  that  the  lower  side- 
bands have  their  phase  veloeities  '^^■/^^-  on  the 
positive  side  of  the  slope  of  the  distribution 
function,  whleh  enhances  their  growth.     The  side- 
bands grow  up  to  a  level  where  the  spatially  aver- 
aged  distribution  funetion  is  distorted  into  a 
shape  close  to  a  flat  plateau,  as  is  clear  froi 
Fig.  1  at  T  =  380    ''^  and  the  sidebands  as  well  as 
the  fundamental  mode  saturate. 


1.  R.  Gagné  and  M. M.  Shoucri,  J.  Comput.  Phys.  24, 
445  (1977). 

2.  M. M.  Shoucri,  Phys.  Fluids  21,  1359  (1978). 
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1.  Introduction 

Over  the  past  décade  considérable  ef 
the  dominant  physical  mechanisms  involved 
phenomena  and  behaviors  of  a  plasma  relat 
wide  range  depending  on  the  nonlinear  mech 
son  of  theory  and  experiments  have  not  bee 
nonlinearity  of  the  phenomena. 

In  this  paper  we  présent  the  first  ex 
resistivity  which  accord  with  behaviors  pr 
1)  .2) 

rnent'?  nf  strnna  l.anpriuir  turbulence, 
means  of  microwave  scattering  technique  co 
et  al.'^-'  which  predicted  the  existence  of 
localized  density  cavity  in  the  strong  Lan 
ly  résistive  phase. 

2.  Expérimental  Arrangements 

We  have  carried  out  heating  discharge 
=•  1.25.     An  initial  plasma  was  produced  by 
washer  gun.     The  power  of  heating  dis- 
charge is  supplied  from  a  capacitor  of  2.2 
yF  with  a  charging  voltage  up  to  30kV. 

Main  diagnostics  used  in  the  présent 
experiment  are  as  follows.     In  order  to 
clarify  the  relation  between  the  anomalous 
resistivity  and  turbulence,  electrostatic 
fluctuations  are  picked  up  by  a  canacitive- 
ly-coupled  probe  inserted  radially  into 
the  discharge  vessel  at  the  center  of  the 
apparatus.     A  picked-up  signal  is  passed 
through  a  high-pass  filter  in  order  to 
eliminate  low  frequency  fl-2  MH^)   and  lar 


fort  has  been  directed  toward  identifying 
in  anomalous  resitivity  of  plasmas.  The 
ed  with  anomalous  resistivity  vary  over  a  ^ 
anism  to  be  responsible.     Detailed  compari- 
n  possible  due  to  the  complexity  and  strong 

perimental  observations  of  the  anomalous 
edicted  by  the  récent  theoretical  develop- 
Our  observation  of  density  fluctuations  by 
nfirmed  the  numerical  simulation  by  Def^root 
laroe  notential  jumps    (double  layers)  anri 
gnuir  turbulence  generated  in  an  anomalous - 

s  in  a  magnetic  mirror  with  mirror  ratio  R^^ 
a  hydrogen  or  deuterium- im.nersed  titanium 
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Fig.1  loSCILLO.  I 


ge  amplitude  components  and  rough  spectral 
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analysis  of  fluctuations  using  several  ban 
The  4mm  microwave  scattering  System  a 
in  Fig.   1.     A  400  mW  microwave  of  frequen 
ularly  to  the  plasma  column  with  the  wave 
of  the  magnetic  field  (ordinary  mode) .  I 
angle        is  fixed  at  90°. 

3.     Behaviors  of  the  turbulence  in  the  ph 
In  Fig.    2,   typical  time  traces  are  s 
plasma  1^,    (b)   the  HP  electrostatic  fluet 
and  detected  through  a  high-pass  filter  w 
video  out  put  of  the  4mm  microwave  scatter 
filters  having  the  center  frequency  of  70 
the  lower  trace,   respectively .     It  must  be 
dips.  one  in  the  early  phase,   t  =  0.4-1.8 
yS,  and  the  other  slightly  on  the  flat 
tops,   t  =  3.0-4.3yS,   henceforth  called 
the  phase  I  and  phase  II  respectively. 
The  resistivity  is  3xio"^  ohm-meter  in 
the  phase  I,  nearly  twice  larger  than  the 
Buneman's  resistivity.     Hence  the  early 
stage  of  the  phase  I  is  characterized  by 
the  strong  two-stream  instability. 

As  seen  in  Fig.   2(b),  electrostatic 
fluctuations  picked  up  by  the  C-coupled 
probe  exhibit  fast  relaxation  oscilla- 
tions in  the  saturated  state  of  the  phase 
I,  presumably  demonstrating  the  collapse 
of  the  plasma  waves  into  spatially 
localized  région."'"-''^-' 

The  filtered  video  outputs  of  the  70 
GH^  microwave  scattering  System  at  9^=90° 
in  the  midplane  show  notably  spiky  fluctu- 
ation and  a  feature  of  relaxation  oscilla- 
tions. T-hese  behaviors  coïncide  with  the 
external  measurement  of  turbulent  waves 
with  the  C-coupled  probe. 


d-pass   filters  bas  been  pertormed. 
nd  the  expérimental  apparatus  are  shown 
cy  oj^/Ztt  =  70  GH^  is  launched  perpendic- 
electric  field  polarized  in  the  direction 
n  the  présent  experiment,  the  scattering 

ase  of  anomalously  high  resistivity. 
hown  for  (a)  heating  current  through  the 
uations  picked  up  by  the  C-coupled  probe 
ith  pass  band  18  -   145  MH^ ,    (c)  the 

ed  signais  detected  through  band-pass 
MH^   for  the  upper  trace  and  350  MH^  for 
noted  that  the  time  trace  of  I     shows  two 
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=  n^'^  .         =- (n^  -n„)        for  monotonie  ii 


1.   Introduction.       The  electron-current 
driven  " ion-acoustic"   instability  in  colli- 
sionless  single-ended  Q-machines  has  for 
many  years  been  the  subject  of  extensive 
expérimental  investigations  /1-3/.   It  is 
excited  by  applying  a  sufficiently  large 
positive  d.c.   bias  to  the  cold  plate    (or  to 
some  grid)   and  usually  exhibits  the  charac- 
ter  of  a  strongly  nonlinear  standing  longi- 
tudinal wave  localized  between  the  hot 
plate  and  the  exciting  électrode.  Similar 
oscillations  have  been  observed  in  certain 
plasma  diodes  /4/. 

ïhe  présent  worK  is  intended  as  a  con- 
tribution towards  clarifying  the  onset  of 
thèse  oscillations.  VJe  investigate  the  lin- 
ear  stability  of  low-f requency ,  long-wave- 
length  longitudinal  waves  in  a  collision- 
less  single-ended  Q-machine  by  solving  Lan- 
dau '  s  dispersion  relation  in  the  appropri- 
ate  limit.   The  time-independent  state  is 
characterized  by  the  strongly  non-Maxwell- 
ian  velocity  distribution  functions  associ- 
ated  with  the  monotonie  potential  distribu- 
tions of  a  collisionless  plane  one-emitter 
diode.  Apart  from  this  choice,   the  bounded 
nature  of  the  System  is  only  accounted  for 
by  postulating  that  the  wavelength  equals 
twice  the  System  length  L  /2/. 
2.  Theoretical  background.       The  steady- 
state  velocity  distribution  functions  (nor- 
malized  to  unity)    are  given  by  /5,5/ 
,)   U(v  -V 


^"cp 

creasing  ones.  Here,  rip  and  ricp  respective- 
ly  dénote  the  plasma  potential  and  the  cold- 
plate  bias  normalized  to  KT/e,  e  being  the 
magnitude  of  the  electric  elenentary  charge. 
The  normalized  plasma  potential  (as  well  as 
other  quantities  of  interest)  can  be  calcu- 
lated  from  the  neutral-flux  density  irradi- 
ating  the  hot  plate,  from  the  hot-plate  and 
ionic  properties,  and  from  the  applied  bias 
/6,7/. 

We  are  looking  for  small-amplitude  wave 
perturbations  proportional  to  exp [i (kx-wt) ] , 
where  the    (real)   wavenumber  k  is  given  by 
tt/L,   and  the    (complex)    frequency  w  is  to  be 
computed  from  Landau ' s  dispersion  relation 
/8/.   Using    (1)   and  restricting  ourselves  to 
low-f requency ,    long-wavelength  modes  (i.e., 
nealectinq  w/ka^  and  k       / A-nn^e^  )  ^'^  ,  where 
np  is  the  plasma  density) ,  we  obtain 

1   -  ve/vee     =     Z '  ( v^^ , ç ) /erf cv^^ .  (2) 

Here,   Vg=  (tt  ^'^erf  cv^g )  '  ^ exp  (-v^^)      is  the 
normalized  average  velocity  of  the  élec- 
trons,  c=w/ka^,   Z'=9Z/9ç,   and  Z  is  the  in- 
complète plasma  dispersion  function  as  dis- 
cussed  by  Franklin  /9/. 

The  subséquent  stability  analysis  is 
based  on  the  steady-state  results  of  Fig.1, 
which  shows  a  section  of  the    (n^p-a)  para- 


gexp(- 


^cs^ 


for 


where  s  dénotes  the  particle  specie: 
the  électrons,  i  for  the  ions),  A3=(Tr"^as. 
.erfcv^g)"',  3^= (2KT/mg)  "S  k  is  Boltz- 
mann's  constant,  T  is  the  hot-plate  temper 
ature,  m^  is  the  particle  mass,  erfc  =  1  - 
erf  is  the  comolementary  error  function, 
=  v/a<5,  ^^g=  ^cs/^s  is  the  normalized  cut- 
off  velocity,  and  U  is  the  unit  step  func- 
tion. The  cutoff  velocities  are  given  by 
^ce=-(^p-^cp) ''''  ^ci  =  -(np)'^  for  monotonie 
decreasing  potential  distributions,   and  by 


^s 


meter  plane  for  a  collisionless  plane  one- 
emitter  diode  /5-7/.   The  "neutralization  pa 
rameter"  a  is  the  ratio  of  emitted  partiale 
densities  at  the  hot-plate  surface   (a  = 
nîo/neo^ •   The  figure  shows  type-separating 
curves    i^A.^^.ci^^)  ,   curves  of  constant  nor- 
malized  plasma  density  Vp   (in  units  of  n+ 
of  constant  normalized  plasma  potential  n 
of  zéro  net  electric  current    (c(f  )  ,   and  of 
constant  normalized  neutral  flux   (a^) . 
3.  Discuss 


)  , 


of  results. 


To  be  specifi 


we  solve  the  dispersion  relation    (2)    for  pa- 
rameters  along  the  a^-curves  of  Fig.1,  which 
correspond  to  expérimental  situations  where 
the  cold-plate  bias  is  varied,  everything 
else  being  kept  constant  /6/.   The  dashed 
portions  of  thèse  curves  are  outside  the  pa- 
rameter  domains  for  monotonie  potential  dis- 
tributions and  will  not  be  considered  here. 

In  the  negative-bias  région,  Eq.  (2)  al- 
ways  yields  one  undamped  "slow"  mode  (with 
a  phase  velocity  lower  than  the  ion  cutoff 
velocity)  and  an  infinité  number  of  Lancau- 
damped  "fast"  modes  (with  Reç  >  v'^) ,  but 
no  growing  modes.  The  results  for  the  slow 
mode  and  one  of  the  fast  modes  are  shown  in 
Fig.2. 


ion  cutoff  velocity 


shifted  électron  plasma  oscillations  to  ts 
positive-energy  ion  mode.  The  real  part  o 
the  phase  velocity  is  far  too  small  to  ac 
count  for  the  observed  oscillation  freque- 
cies  /1-3/,  which  clearly  demonstrates  the 
the  results  of  our  linear  analysis  cannot 
he  extrapr-i^ted  to  descrihe  the  nonlinear 
stage.  However,  our  results  are  in  qualit.- 
tive  agreement  with  expérimental  observa- 
tions in  that  the  growth  rates  are  of  the- 
order  of  the  ion-sound  velocity,  (KT/m^)i'- 


In  the  positive-bias  région  considered 
we  always  find  one  unstable  mode,  cf.  Fig.3. 
Note  that  for  sufficiently  high  n^^  we  al- 
ways have  Imç  >>  Reç.  The  situation  is  es- 
sentially  that  of  a  Buneman  two-stream  in- 
stability  /10/,  where  the  large  growth  rate 
is  known  to  be  due  to  the  résonant  transfer 
of  energy  from  the  negative-energy ,  Doppler- 


/2,11/. 
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Introduction: 

The  electron-current  driven  collisionless  ion 
wave  instability  has  been  extensively  investigated 
in  the  single-ended  Q-machines  at  Innsbruck  and 
Ris?S  /1-4/.   It  is  excited  by  applying  a  sufficient- 
ly  large  d.c.  bias  to  an  électrode  (grid  or 

plate)  immersed  into  the  plasma  column  and  appears 
to  be  a  strongly  nonlinear  standing  wave  between 
the  hot  plate  (HP)  and  the  exciting  électrode. 

Récent  experiments  have  shovm  that  the  onset  of 
the  instability  dépends  sensitively  on  the  type  of 
the  exciting  électrode.  In  the  présent  contribution 
we  report  on  comparative  raeasurements  in  v;hich  both 
a  grid  (G)  and  a  cold  plate  (CP)  were  used.  A 
qualitative  explanation  is  given. 

Setup  and  Results: 

The  experiments  were  carried  out  in  the  Inns- 
bruck Q-machine  /!/.  The  plasma,  produced  by  ioni- 
zation  of  sodium  on  a  hot  tungsten  plate  (T  =  2ooo 
K),  is  contained  in  an  axial  magnetic  field  B  of 
225o  G.  The  exciting  électrodes,  whose  dimensions 
exceed  the  cross  section  of  the  plasma  column,  are 
perpendicular  to  E  and  located  at  a  distance  L  =  35 
cm  from  HP.  CP  is  a  massive  tungsten  plate,  whereas 
G  is  a  tungsten  mesh  grid  with  wire  diameter  d  = 
=  o.o2  cm,  meshwidth  a  =  o.2  cm,  and  hence  an  opti- 
cal  transparency  t  =  81  %. 

The  dependence  of  the  instability  on  the  excit- 
ing d.c.  bias  is  investigated  with  the  "unpertur- 
bed"  density  (i.e.  with  floating  électrodes)  as  pa- 
rameter.  The  latter  is  chosen  for  the  followlng 
reasons:   (i)  In  the  unperturbed  state,  the  élec- 
trons have  a  full  Maxwellian  velocity  distribution, 
so  that  the  classical  détermination  of  densities 
from  probe  characteristics  yields  reliable  results. 
This  is  not  the  case  for  î'q  >  o  since  then  the 
électrons  are  drifting  with  non-Maxwellian  veloci- 
ty distributions,  and  additional  modifications  are 
introduced  by  the  instability.   (il)  It  will  be 


shown  below  that  choosing  the  unperturbed  density 
as  a  paramenter  is  convenient  in  relating  our  theo- 


ret; 


I  the  expérimental  évidence. 


In  what  follows,  the  instability  (f  =  4-5  kHz)  ' 
is  characterized  by  the  saturation  amplitude  and 
the  spectral  bandwith  Af  of  the  a.c.  component  of 
the  current  flowing  through  the  exciting  électrode. 
Fig.l  shows 
the  depen- 

^G  °f  ^G 
and  Af  in 
the  case  of 
grid  exci- 

three  dif- 
férent den- 
sities . 
Each  ampli- 
tude curve 

gimes:  for 

--11  *G'  ^G  „       ,         ,      .        .      .  . 

is  small  and  «g'^'  " 

grows  slowly.  Fig.l 
Above  a  cer- 
tain point,  the  curve  bends  upwards  and  then  in- 
creases  linearly  with  /*^,  which  is  why  we  have 
chosen  the  square  root  scale  for  $g  on  the  lower 
abscissa.   (As  /ï^  is  proportional  to  the  velocity 
with  which  an  électron  reaches  the  grid  plane, 

V    =  /2e<î>„/m,  we  have  plotted  v  /v  ,  with  v  = 

g   G  g     e  e 

-  ■/2kT  /m,  on  the  upper  abscissa.)  We  define  the 
threshold  of  the  standing  ion-wave  instability, 

$  ^  ,  as  that  value  of  <t>„  at  which  the  straight  re- 

thr  '  G 
gression  line  of  the  second  régime  intersects  the 
^i^-axis.  This  définition  is  supported  by  prelimina- 
ry  expérimental  findings  which  seem  to  indicate 
that  below  this  threshold  the  instability  has  the 
character  of  a  travelling  wave,  whereas  for  large 


ZI-  582 


$g  it  has  clearly  been  shown  to  be  a  standing  wave 
/1-3/.  Considering  the  Af-values  displayed  in  Fig.l 
we  observe  that  above  the  threshold  the  instability 
has  a  pronounced  peak  in  the  frequency  spectrum. 

As  is  already  évident  from  the  sample  curves  of 
Fig-1,  ^^^^  increases  with  the  unperturbed  density 
n,  see  Fig.2.  The  solid  line  corresponds  to  the  li- 
near  régression  î>        =  -o.4  +  H.8xlo~^n. 


'ZI 

The  results  of  comparative  measurements  where  G 
is  replaced  by  CP  are  shown  in  Fig.3. 


Note  that  in  this  case 
dépendent  of  n. 


is  essentially  in- 


Discussion : 

Following  Kuhn  /5/,  we  explain  the  increase  in 
*thr  '^^^^  "         ê^^*^  excitation  by  the  screening 
effect  of  the  space  charge  sheaths  around  the  grid 
wires.  For  small  values  of  «t^  each  wire  is  sur- 
rounded  by  a  sheath  whose  thickness  is  of  the  or- 
der  of  the  Debye  length,  A^^  =  (kT  /4Trne2)l/2. 
Thus  we  may  speak  of  an  effective  grid  area, 
which  is  roughly  given  by  the  géométrie  grid 
area  plus  the  Debye  sheaths.  Following  this  argu- 
ment we  can  define  an  effective  transparency 
^eff  "        "  '"'d  ~  d/2)2/a2,  „hich  is  plotted  to- 
gether  with  \^  in  Fig.2.  Physically  speaking,  the 


mcrease  m  t^^^  with  n  means  that  for  the  same 

$Q  a  smaller  fraction  of  the  incoming  particles  i 

affected  by  G  if  the  unperturbed  density  is  in- 

creased.  In  other  words,  to  perturb  the  same  frac 

tion  of  particles  a  higher  bias        is  needed  for 

higher  n.  This  also  implies  that  0  ,  ,  the  gr 
thr  '  '= 

bias  at  which  the  net  électron  drift  is  just 
ficient  for  the  onset  of  the  instability,  should 
increase  with  n.  This  expected  behaviour  is  clear 
ly  reflected  by  the  measured  O^^^-values  in  Fig.2 

The  vertical  solid  line  in  Fig.2  indicates 
density  where  the  Debye  sheaths  start  coalesc: 
For  lower  densities,  Debye  shielding  becomes  < 
tially  unimportant  and  G  is  équivalent  to  an  idea; 
plate.   In  this  case  we  expect  very  low  values  of 
'^thr  "hich  is  in  accordance  with  Fig.2. 

From  the  above  considérations  we  should  expect 
that  in  the  case  of  plate  excitation  should 
also  be  small  and  nearly  independent  of  n.  The  lat 
ter  feature  is  demonstrated  by  Fig.3.  However,  we 
have  not  yet  found  an  explanation  of  the  relative' 
ly  large  values  of  =  2-3  V.  Future  investiga- 

tions will  concentrate  on  clarifying  the  rôle  of 
surface  contamination  which  could  be  one  of  the 
reasons  for  this  discrepancy. 
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In  présent  paper  the  example  of  non- 
maxwellian  distribution  at  which  existenr- 
ce  of  fast  Langmuir  solitons  is  presented. 

Let  as  consider  as  an  example  the  dis- 
tribution of  a  type  : 

<p-exp(-,^/j»//?r(|,.)VT  (1) 

Nonlinear  processes  are  détermine d  by 
the  following  effective  températures 

T.,t-T.r\f)/2r(||v)ru- 

From  the  expressions  cited  it  is  clear 
that  they  may  be  reduced  to  zéro  and  even 
become  négative.  So  Ttff  and  Tefj-  vanish 
when  J"  ~  ^  sind  j'"  "  y  8tnd  diverage  for  small 
velocities  when  and  p*<yz  « 

There  is  a  ionique  distinguished  value 
oî  Ç*'  L  (Maxwellian    solution) ,  for  v\^ch 
Te*  -  Te  ^0         intégral  is  converging. 
This  shows,  that  for  higher  nonlinearitl- 
es  Maxwellian  distribution  is  perfectly 
distinguished  and  small  déviations  from 
Maxwellian  distribution  change  the  resuit 
qualitative ly,  It  can  be  easily  understo- 
od  qvialitatively  that  for  cubic  nonlinea- 
rities  when      <        and  higher  nonlinear- 
rities  when  J**.  <        divergence  occ\jrs  be- 
cause  of  illegitimacy  of  expansion  in  pa- 


rameter  AW/icU  ,  for  it  is  not  determi- 
ned  by  average  particle  velocity  but  by 
the  velocities  of  those  particle s  for 
which  this  parameter  is  of  order  of  the 
unit.  For  higher  nonlinearities  the  seû- 
sitivlty  of  the  resuit  to  the  particle 
distribution  at  small  velocities  begins 
already  when  J*<^/t*  Thus,  nonlinear  ef- 
fects  and  especially  higher  nonlineariti- 
es may  be  enhanced  to  a  large  extent  for 
nonmaxwellian  distributions  and  besides 
that  they  may  change  the  signes  of  nonli- 
near interactions  for  comparatively  small 
changes  of  particle  distributions. 

For  jvi<i/i  formula  (3)  does  not  fit, 
and  if  it  is  supposed  that  distribution 
CD  is  valid  for  \;>  U»  ,  and  for  ir<  U"». 
there  is  a  plateau,  then  for  U"»  <  Vt  only 
a  small  part  of  low  velocity  particles 
will  have  distribution  différent  fromCD. 
For  this  case  instead  of  (5)  we»ll  have 

»«  fr\^/H)/M*(ï^^vJ    >  (4) 

If  i.<jM<t  ,T«ff  and  répare  positive, 
but  is  A.-»C^»/VT)^^imes  smaller  than 
Teff  .  For  p*<^lt  sensitivity  to  the  for- 
mlng  of  plateau  at  'U"<\r>»  appears  forTif» 
Thus,  if  ■*  ^  in  (4),  we»ll  obtain  the 
case  when  for  ri-aV/iTjxl  higher  nonline- 
aritier.  g;ive  the  some  contribution  as  eu- 
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bic  ones  at 

EVvirnT  >  VÎ/yf^    ^  v.<V^  (5) 

or,  in  other  ^oxcis,  tî^e  nonlinear  parsjue— 
ter  of  expaneion  is  not  E  Vv^rn-W,  but 
EVViîn.W«V»*.  At  M»i  the  criterion  be- 
comes  more  rigid 

So,  the  appearance  of  fast  solitons 
for  nonequilibrivim  distribution  vàien  cri- 
terion (6)  is  valid  may  be  expected, 

Two  temperatvire  Maxwellian  distributi- 
ons of  the  type 


may  be  exaunined  as  a  particular  example» 
Let  us  suppose  a  small  part  of  parti- 
cles  to  be  cold 'U»<."^t«,  Then,  for 
•U»>f<Uo '<.<\rTe     we  have 

Small  values  of  Ttfj.  are  appearing  at 
^«x^^  -e  ^  ;  S  ~  Hi/Ho  »i»eo  v^en  ima- 
ginary  and  real  parts  are  of  the  same  or- 
der  of  magnitudes.  At         »  5  »ni/no  the 
real  part  of  Tt^   dominâtes,  It  can  be 
readily  seen,  that  i/T^   is  determined 
by  low  energy  part  in  spite  of  small  amo- 
unts  of  such  partiale s 


|(7) 


Then  the  condition  of  dominating  of 
fifth  order  nonlinear ity  over  the  f 


The  last  approximate  inequality  is  v;- 
lid  provided  soliton  velocity  being  nea: 
the  threshold       >  lA«r  ^  V2S  >l'»i/').*  ^ 
(the  velocity  is  bigger  than  the  sound 
velocity  determined  by  effective  temperj. 
tureTe^),  at  the  negativity  of  the  fifii 
order  nonlinearity  being  ftafiiled  only 
under  thèse  conditions.  For  weak  extinc- 
tion the  ftafilment  of  the  condition 
~  «  rïl'^^-Vtf^J necessary  and,  therefo- 
re,  I 

If  the  condition  of  essential  over- 
thresholdness  is  fulfilled,  then  the  an£. 
lysis  similar  to  the  conducted  above 
shows  that  the  relation  (11)  remains.  Se 
when  Te^^  7>  Te  and  U^»  Tin /Te  fast  Lang- 
muir  solitons  are  described  by  the  eqixa- 
tion  with  the  nonlinearity  of  the  fifth 
order  over  the  field,  i.e, 

•  j3|ei^£ 


3  rTe*x\3 


(12) 


5         2.  lîj^ 


which  has  the  solution» 
^     g,  exp^-cJir^:  ^(l-ut)\ 


(13) 


The  shown  example,  in  spite  of  its 
particular  character  demonstrates,  that 
in  nonequilibrium  plasma  the  appearance 
of  fast  Langmuir  solitons  is  possible. 
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SCOUS  DAMPING  OF  THE  MAGNETO-ACOUSTIC  OSCILLATIONS,  MAO,  IN  BOUNDED  PLASMAS 

Yu.  S.  Sayasov. 

Institute  of  Physias,  University  of  Fribourg,  Fribourg,  Switzerland. 


A  Sound  wave  reflected  from  a  solid  boundary  is 
known  to  expérience  strong  absorption  connected 
with  the  fact  that  in  a  narrow  boundary  layer, 
where  mass  velocity  v  drops  quickly  to  zéro, 
marked  velocity  gradients  arise.  As  a  resuit  the 
viscous  force  (an  example  of  a  monoatomic  gas) 
:f  =    (A  V+-J  grad  div  v),n  is  viscosity  coefficient, 
can  take  there  big  values  thus  influencing  essen- 
tially  the  damping  mechanism  ([1],  §77).  Thèse 
considérations  are  certainly  applicable  also  for 
MAO  in  bounded  plasmas.  However,  it  seems  that 
such  viscous  damping  of  MAO  in  bounded  plasmas 
due  to  the  high  velocity  gradients  at  the  boun- 
dary was  never  investigated.  In  what  follows  an 
account  of  theoretical  results  obtained  in  this 
direction  in  [2]  is  presented. 
Restricting  ourselves  with  cold,  monoatomic, 
quasineutral ,  isothermal,  homogeneous  plasmas  in 
a  magnetic  field  I  =const,  one  can  write  the 
MHD-equations  of  the  one-fluid  approximation, 
accounting  for  the  viscous  force  î,  in  the  form: 

î=a(î.i[7fj)-.^^[lSj/vE^,  rotî=f^ 

^2 

where  <^^j^  is  plasma  conducti vity,  Wp  is  plasma 
frequency,  v  is  électron  collision  frequency, 
(Oj-e  is  électron  cyclotron  frequency,  p  is  mass 
density.  System  (1)  must  satisfy  at  a  solid  boun- 
dary some  constraints  imposed  on  the  mass  velo- 


city V.  Here  are  some  results  following  from  (1) 
for  a  particular  case  of  MAO  in  the  bounded  cy- 
lindrical  plasmas. 

1.  MAO  in  a  long  cylindrical  plasma  column  sur- 

rounded  by  a  dielectrical  boundary  of  the  ra- 
dius a  and  situated  in  an  axial  magnetic  field  B^. 
Excitation  of  MAO  of  frequency  oj  is  performed  by 
a  coil  having  the  same  radius  and  the  same  length 
as  the  plasm.a  column.  (Thèse  assumptions  corres- 
pond te  the  experimcnts  described  e.g.  in  [3,4)). 
The  only  non-zero  components  of  the  mass  velocity 
v  and  of  the  high-f requency  magnetic  field  H  are 
resp.  the  radial  component  v^-  and  axial  component 
H^.  Solutions  of  (1)  are  defined  uniquely  by  the 
boundary  conditions  v^(a)=0  and  'r\-^{à)  =  W^^  (field 
generated  by  the  coil).  Introducing  dimensionless 


quantifies  e 


CA 


c»  =  is  Alfvén  velocity)  and  making  assump- 

tions  ei<<l,  £2<<ei  («eak  dissipation),  often 
fullfilled  in  experiments,  one  can  formulate  main 
resuit  as  follows.  The  ratio  of  the  magnetic  field 
amplitudes  at  the  cylinder  axis  Wj[S^)  and  at  the 
boundary  H^^  is  given  by 


H(0)  . 


-(1. 


(2) 


"ex  ^^oC^)  -  ^  ^  ^iC^)  ' 
where  J^,       are  Bessel  functions,  ^  =    fy"  ' 
For  the  frequencies  close  to  the  frequency 
^  =5o£A  ^        =  2,4  (J^lq^)  =  0)       the  first  mag- 
neto-acoustic  résonance,  MAR,  the  modulus  of  this 
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ratio  can  be  represented  in  the  form 
N=  |Hz(0) 


I  Hp, 


+  y2]- 


1/2 


(3) 


where  y4  A=^  +  -^  ,  (6=^^ïi^  is 

2    ^  2c^a    qoC^^Ô  '  ^ 

boundary  layer  thickness  pertaining  to  thèse  MAO). 
Influence  of  the  velocity  becomes  appréciable  ac- 
i.e.  for 

^  ^  2,9  ^  «  1  whereas  for  the  infinité  plasmas 
the  corresponding  condition  is  much  more  stringent 
^  >  1.  For  a  fully  ionized  monoatomic  plasma  we 
obtain,  using  expressions  for  the  electron-ion 
collision  frequency  v  and  the  ion-ion  viscosity 
coefficient  n  given  in  [5],  the  formula 

lO^A  2,4.10672 
'^^^^afy^^AWif^   '    ^        ^  Coulomb 
logarithm,  A  is  atomic  weight,  T  is  température  in 
eV  and  n  cm'^  is  électron  density.  (For  a  =  5  cm, 
By  =  103  Gauss,  n  =  10^^  cm"^,  û  =  i^  viscosUy  be- 
gins  to  play  an  essential  rôle  according  to  this 
expression  if  T ÎZeV  ) .  Similar  conclusion  can  be 
drawn  also  for  plasmas  with  comparable  concentra- 
tions of  ions  and  neutrals. 

As  follows  from  (3)  maximal  value  N(a)  )=0,8/y 
corresponding  to  the  first  MAR  is  reduced  in  a  re- 
suit of  the  viscous  effect  by  a  factor  (1  +  -^^)'^ 

qo^i 

This  conclusion  seems  to  offer  a  plausible  expia- 
nation  of  a  considérable  réduction  of  the  expé- 
rimental values  of  H{i^J  compared  with  those  cal- 
culated  without  accounting  for  the  viscous  effect. 
(See  e.g.  Fig.  12  in  L3]  ,  Fig.  10  in  [4]). 

2.  MAO  are  generated  by  a  short  coil  in  a  long  cy- 
lindrical  plasma  column  of  radius  a.  (Otherwise 
the  assumptions,  corresponding  to  the  experiments 
described  e.g.  in  [6,  7],  are  the  same  as  for 
case  1).  As  follows  from  the  System  (1),  solved 
under  the  boundary  condition  Vp(0)  =  0,  the  atté- 


nuation of  the  axial  magnetic  field       at  suffi 

ciently  long  distances  z  from  the  coil  follows  thf 

formula  H^~e        K  =  Imk2,  where       is  a  root 

(having  smallest  imaginary  part)  of  the  équation 

jQ(k^a)  -  i  A  Ji(kj_  a)  =  0  and  k^{k^)  is  the  radial 

wave-number  defined  e.g.  in  [4].  (We  retain  here 

only  the  members  of  the  order  A  =  neolectinc 
vm 

corrections  to  kj^  which  are  of  the  order  of  -^) . 

uce  ^"^ 
—  «  î  (usual  MHD-approximation)    one  can 

represent  k^  in  the  form:  k^ =  [q^  -  q2+i(ejq2+ 

2Xqo)]'^^>    q  =  7^  •  For  0)  not  too  close  to  the 
^A 

frequency       of  the  first  MAR 

K  =  imk    =  a!£L^iMû^  .  Accordino  to  this 
2/q2  -  q2 

expression  the  viscous  effect  leads  to  an  efddi- 

tional  damping  with  distance  z  described  by  the 

factor  exp(  ),  which  can  be  very  im- 

/q2  ..  q2 

portant  for  not  too  small  values  of  the  para- 
meter  A. 
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fO  DIMENSIONAL  FOURIER  SPECTRUM  OF  TURBULENT  lONIZATION  WAVES 

J,  Skàla,  J.  Kràsa  and  V.  Perina, 

Institut  of  Physics,  Czeah.  Academy  of  Science,  180  40  Prague  8,  Na  Slovance  2,  Czechosîovakia. 


The  turbulence  of  unstable  ionisation 
ves  often  takes  place  in  the  positive 
lumn  of  low  current  and  low  pressure 
scharge  in  noble  gases.  Experimentally , 
e  neon  discharge  is  abounding  in  various 
chanisms  leading  to  a  loss  of  wave 
herence  and  to  the  onset  of  strong 
regular  wave  motion  tl,  2]. 

Lately,  a  great  attention  was  paid  to 
periments  concerning  corrélation 
notion  raeasurements  of  such  turbulent 
nisation  waves.  Thèse  raeasurements  have 
own  that  the  corrélation  length     L  of 
fully  developed  wave  turbulence  caR  be 
orter  than  the  raean  wavelengths      %  of 
e  wave  packets  f3,   4].   In  the  presented 
ntribution,  raeasurements  on  turbulent 
nisation  waves  are  referred  for  which 
wave-number  filter  [5]  was  used  with 
bsequent  frequency  analysis.  Two-dimen- 
onal  Pourier  spectra  F  (k,eo)  were 
tained  by  this  method. 

The  light  emitted  frora  the  discharge 
be  I  (x,t)  was  passing  through  the 
Iter  coraposed  of  the  stripes,  whose 
ansparence  changes  along  the  axis  as 
■'1/2  fl  +  ra  cos(kx))  ,  where    m     is  the 
dulatlon  depth  and    k=27r  /     „     is  the 
venuraber  corresponding  to  the  wavelength 
f.    of  the  stripes,   see  Pig.   1,  The 
gnal  from  photomultiplier  P, 
presenting  the  whole  light,  passing 
rough  is  then  proportional  to  the  real 
rt  of  the  space  Pourier  spectrum 


?.   1.  Experiraental  arrangement: 

-  discharge  tube,   L  -  lens,   P  -  photo- 

Ltiplier,   PA  -  frequency  analyzer. 


if  we  assimie  the  intégration  length  L 
to  be  much  larger  than  the  corrélation 
length    L  .   The  frequency  spectrum  of  the 
signal  (IT  in  a  conventional  frequency 
analyser  is  then  proportional  to  the 
absolute  value  of  the  Pourier 
transformation  of  the  light  fluctuations 
I  (xjt).   By  changing  the  wavelength  Xf 
of  the  filter  a  time-space  Pourier  s 
spectrum  P  (k,w")   on  the     u}-k  plane  can 
be  measured 

The  space  filter  was  realized  by 
a  loop  of  the  film,   on  which  a  System  of 
hyperbolic  stripes  was  transferred 
photograf ically.   In  this  arrangement, 
wavenumber  scale  is  proportional  to  the 


Pig     2.    Two-dimensional  spectrum  F(l/p^^,f) 
of  the  light  fluctuations  of  positive 
column  of  the  neon  discharge  (p  =  5,2Torr, 
i  =  42  mA,   tube  diameter  0.6  cm). 
X=  2  TT  A  and     f  =  ej/2îr. 
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Pig.  3,  Dispersion  curve  of  the  turbulent 
ionisation  wave  evaluated  from  Pig.  2. 


Pig.   4.   The  course  of  the  maximum  values 
of  the  spectrum    ^^ax^"^^     over  the 
dispersion  curve  as  function  of  the 

frequency . 


vertical  shift  of  the  film.  Another 
possibility  for  realization  of  the  space 
filter  is  the  use  of  two  crossed  lattices 
In  this  case,   the  wavenumber  of  moiré 
patterns  is  proportional  to  the  angle 
between  the  both  latticies.   The  advantag< 
of  this  filter  is  in  a  more  genuine 
sinusoïdal  shape  of  the  transparence. 

The  measurements  were  made  in 
a  discharge  tube  with  the  internai 
diameter  0.6  cm.   The  distance  between  th( 
électrodes  was  90  cm.   The  neon  pressure 
was  5" 2  Torr  and  the  discharge  current 
42  mA.  The  measurements  were  performed  ii 
the  part  of  the  positive  column,  where 
the  wave  tiirbulence  was  stationary. 

Pig.  2  shows  a  typical  shape  of  the 
two-dimensional  spectrum  P(k,uj)  The 
dispersion  curve        =  tO  (k)  which  is 
taken  to  be  the  projection  of  the  crest 
line  of  P(k,w)  to  the     u>-k  plane  is 
plotted  in  Fig.3.  Another  important 
function  specifying  the  properties  of 
turbulent  ionisation  waves  is  the  crest 
height  over  the  dispersion  curve  .  As 
Pig. 4  shows,   the  crest  height  exhibits 
an  asymmetry  with  regard  to  the  center 
wave  mode  for  which    P(k  ,  uj  )  attains 
a  maximum  value.  This  inSicaîes  the 
différent  properties  of  the  turbulent 
ionisation  wave  in  the  région  of  lower 
and  higher  frequencies  and  wavenumbers . 

The  shape  of  the  frequency  and/or 
wavenumber  spectrum  itself  at  higher 
frequencies  or  wavenumbers  is  markedly 
influenced  by  the  second  harmonies  of  th 
basic  wave ,  the  trace  of  which  is  visibl 
in  our  case  at  the  frequency  105  kHz 
Nevertheless  the  différence  between  the  , 
frequency  spectrum  and  the  wavenumber 
spectrum  is  mostly  given  by  the  asymmetr 
of    P(k,w">  along  the  dispersion  curve. 

The  procédure  as  described  above  is 
thus  suitable  for  an  évaluation  of  the 
main  characteristics  of  the  light 
fluctuations  caused  by  the  turbulent 
xonisation  waves  moving  down  the  positiv 
column  of  the  gas  discharge. 
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J  THE  BEHAVIOUR  OF  WEAKLY  lONIZED  PLASMA  WITH  NON-ZERO  NEUTRALS  TEMPERATURE 
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In  order  to  investigate  further 
tie  dynamically  unstable  modes  in  weakly 
onized  plasmas  placed  in  the  external 
.c.  electric  field  discussed  in  ClJ, 
Q  consider  here  the  behaviour  of  the  mo- 
es  analogous  to  the  ones  obtained  in[l,2] 
ssuming  now  that  the  applied  electric 
ield  intensities  (E^)  are  intermediate 
r  low,  and  that  the  effects  of  the  non- 
ero  température  of  the  neutrals  (T^)  have 
0  be  taken  into  account. 

To  this  end,  a  new  form  of  the  el- 
ctron  distribution  function  for        ^  0 
s  derived  here.  The  Margenau-Davydov  dis- 
ribution  was  assumed  as  the  starting 
oint,  and  only  elastic  electron-neutral 
ollisions  were  taken  into  accoiint,  and 
hey  were  described  by  the  billiard-ball 
lodel.  The  exact  resuit  for  the  isotropic 
)art  of  this  function  is  obtained  in  a 
itraightf orward  way,  and  is  of  the  follow- 

ihere  v-^  =  C7^i^Z*~>î^^/     •'■^      ®  character- 
Lstic  Druyvesteinian  velocity,  and  C  is 
;he  normalization  factor,  It  is  clearly 
îeen  that  in  the  lirait  s  E^-^  0  and  e^-^  «>" 
the  above  fmction  becomes  a  Maxwellian 
ind  a  Druyvesteinian  function  respective- 
Ly.  For  moderate  field  intensities,  but 
still  below  the  characteristic  plasma  el- 
ectric field,         ^'^l^^^'^)  ^' 
is  'x^l  V/m  for  typical  laboratory  plasma, 
an  expansion  in  binomial  séries  in  the 


above  expression  is  appropriate,  and  the 
following  form  of  the  électron  distrib- 
ution function  results: 

It  can  be  easily  seen  that  this  approxim- 
ate  form  of  the  function  (1)  is  not  suit- 
able  either  for  E^'s  well  above  the  plas- 
ma electric  field,  or  for  E^'s  near  zéro. 

The  components  of  the  plasma 
dielectric  tensor  (PDT)  were  then  evaluat- 
ed  with  the  above  form  of  the  électron 
distribution  function  by  an  itérative  pro- 
cedxire,  up  to  the  second  order  in  S/v^g. 
The  small  terms  of  this  order  of  magnit- 
ude have  already  beçn  shown  to  be  of  im- 
portance if  the  non-potential  (non-longi- 
tudinal) oscillations  of  the  plasma  are 
analyze*.  The  results  for  the  components 
of  the  PDT  generalize  the  expressions  ob- 
tained in  []l,2j  and  will  be  omitted  here. 
The  pertaining  dispersion  équation  for  the 
low  frequency  range         >î>  '^v^^  and  for 
the  waves  propagating  at  right  angles  to 
the  direction  of  E^  has  been  fo\ind  to  be: 

Here  F,  D,  R,  G  dénote  dimensionless 
functionals  of  f°°(v),  weakly  dépendent  on 
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through  the  small  parameter  (Vj^/vp)  i 
where  v-^  =  (Z^H^/m^)'^^^ ,  and  ù  and  Vi^^ 
are  the  électron  effective  drift  and  therm- 
al velocities  respectively.  For  the  fixnc- 
tion  (2),  thèse  quantities  are  given  by: 

(S) 


where  r 

and  for  the  billiard-ball  model. 

From  (3),  the  following  spectra  are  obtain- 
ed: 


This  is  in  accordance  with  the  behaviour 
of  the  analogous  modes  in  strong  electric 
fields  for  the  direction  of  propagation 
perpendicular  to  E^.  However,  as  a  resuit 
of  non-zero        and  comparatively  small  in 
tensities  of  the  externally  applied  elec- 
tric field  E^,  in  the  situation  consider- 
ed  in  this  paper  the  term  containing  F 
in  eq.  (11)  may  become  very  large  and  thi 
fact  may  lead  to  dynamic  instability  of 
thèse  two  modes.  It  is  to  be  noted  that 
the  numerical  values  of  the  functionals 
given  by  eqs.  (^)-(7)  are  ail  of  the  or- 
der  of  unity,  as  has  been  shown  previous- 
ly  IlJ.  In  the  case  considered  hère,  onlj 
D,  R  and  G  are  of  this  order  of  magnitude 
The  fxmctional  F,  eq.  (4),  may  become 
much  larger,  as  can  be  easily  verified 
for  a  tjrpical  set  of  plasma  parameters 
(T  ~10^  K,  n,~10^9  m~^,  n^-^lO^^  -3 
<^en'^^°       m  ).  The  possibility  of  the  ' 
development  of  dynamic  instability  with 
thd  modes  considered  is,  hence,  a  spécif- 
ie conséquence  of  0  and  of       ^  E^. 
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Thèse  two  modes  have  been  found  to  be 
weakly  damped;  the  atténuation  coefficient 
as  determined  from  the  Imo;  is  given  by: 

•«•     •<-    ^       co;"^    r  i  i 
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JTER ACTION  OF  NONLFNEAR  lON-ACOUSTIC  WAVES 
CH.  Su. 

Division  of  Applied  Mathematios,  Brown  Universi: 

We  study  the  head-on  collisions  be- 
ween  two  solitary  waves  in  a  cold  plasma 
escribed  by  the  following  équations: 

n^  +  (nu)^  =  0,  (1) 
^t  ^  -^),  =  0,  (2) 

*xx  =  "-^^' 
here  n,u  dénote  density  and  velociiy  of 
ositive  ions,       a.  dimensionless  potentlal,. 
quation   (3)  ,   the  Poisson  eauatiort,  indi- 
ates  that  the  électrons  are  taken  to  be 
n  thermal  equilihrium.     The  existence  of 
olitary  waves  in  this  System  has  been 
emonstrated  by  Sagdeev    (1966i ,   Su  and 
ardner    (1969) .     The  catch-up  collision  of 
taller  wave  to  a  smaller  .wave  can  be  in- 
erred  from  the  élégant  resuit  for  the 
orteweg-deVries  equatioji  ^one -by.  Gardner  , 
reen,  Kruskal  and  Miura    (1967).     Here  we 
tudy  head-on  collisions  by  a  parturbation 
ethod  making  assumptdon  of  long  wa.ve  (al- 
ost  quasai-neutrality)   and  small  ampli- 
udes  of  the  colliding  waves.     In  the 
irst  order  approximatioa  we  obtain  that 
he  colliding  waves  have  their  wave  fields 
atisfying  the  Korteweg-deVrles  équation, 
.6.   aS(Ç)   and  bS(n)  where  S(Ç)   =  sech  |, 
,b  are  constants.     We  have  used  the  wave- 
ramed  coordinatas  System. 

Ç  =./^k(x-Cpt)   +  eke(Ç,n)  (4) 

n  =v^£(x+C^t)   +  e;£e(C,n)  (5) 
here   e  is  a  dinensionless  parameter  for 
1/2 

mail  amplitude,   the  use  of  e;         in  Eas . 


,  Providence,  R.I.  02912,  U.S. A. 

(4) ,    (5)   makes  the  non-neutrality  correc- 
tion coming  into  présence  sarae  as  that  of 
nonlinearity.     C^^  and  C^^  are  wave  speeds, 
e  and  (t>  phase  functions  for  the  right-  and 
left-going  waves  respectively-     In  the 
second  order  approximation  in  e ,.  we  obtaia 

(1)  Quadratic  terras  in  S  are  added  to  the 
linear  one. 

(2)  Linear  ion-accoustic  wave-speeds  are 
modified  by  terras  which  dépend  on 
wave  amplitudes. 

(3)  The  lowest  order  phase  functions 
e^°^(ri)    for  (f)'°^(Ç)]   are  a  function 
of  n   (or  Ç)   alone.     Thèse  functions 
change  by  a  constant  value  as  their 
argument  varies  over  an  infinity. 
After  the  waves  suffer  a  collision, 
they  have  a  constant  amount  of  phase 
shift.     The  signs  of  thèse  phase 
shifts  make  the  arrivai  of  the  waves 
later  than  they  should. 

The  wave  fields  of  each  wave  after  their 
collision  is  identical  to  that  before, 
i.e.   the  waves  préserve  their  identities. 

In  the  third  order  of  approximation, 
the  same  three  corrections  above  show  up,- 
with  the  quadratic  term  in   (1)  replaced 
by  a  cubic  polynomials  in  S.     However,  a 
salient  property  of  the  phase  functions 
coraes  into  place,   in  that  e^"*"^   and  (p^^^^ 
are  functions  of  both  Ç  and     n-  Emerging 
from  their  collision,   both  waves_now  will 

39 
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have  a  phaae.siiift  which  is  différent  at 
différent  points  o-f  the  wave.     The  wave 
profiles  are  thus  distorted  from  what 
were  before  the  collison.     Since  this  dis- 
torted wave  field  does  not  satisfy  the 
équation  for  waves  which  are  propagated 
without  change  in  shape  and  speed.  We 
study  the  slow-time  évolution,  of  .thoae. 
wave  fields  iiranediately  after  the  colli- 
sion.    It  is  found  that  each  of  thèse 
waves  splits  into  two  parts:     The  main 
part  has  exactly  the  same  profile  and 
wave  velocity  as  the  one  before  collision 
(apart  with  a  constant  phase  ahj.ft).  The. 
other  part  has  a  shape  of  letter  N  highly, 
stretched  out  in  horizontal  direction. 
Thèse  secondary  wavelets  propagate  with 
diminishing  amplitude,   in  the  opposite 
direction  to  the  propagation  of  the  main 
wave . 

Our  main  conclusion  about  the  effect 
of  a  head-on  collision  between  two  soli- 
tary  waves  are 

1)  Constant  phase  shifts.     The  waves 
get  retarded  during  their  collision,.  How- 
ever,   each  wave  recovers  its  speed  and 
shape  after  collision. 

2)  Shedding  of  secondary  waves.  .Each. 
wave  sheds  a  secondary  wave  which. propa- 
gates  in  the  opposite  direction  of  the 
main  wave.     The  amplitude  of  thèse  second.^ 
ary  waves  decrease  in  time  due  to  dis- 
person. 


Gardner,  C.S.,  Green,  J.  M.,  Kruskal,  M. I 
Miura,  R.M.,  Phys.  Rev.  Lett.  l^,  1095-10 
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M.  A.  Leontovich  Ed.    (Consultants  Bureau 
Enterprises,   Inc.  New  York),  vol.   4,  p.  2 
(1966) . 

Su,  C.  H.,  Gardner,  C.S.,  J.  of  Math,  P] 
10,    536-539  (1969). 


'OURNAL  DE  PHYSIQUE 


Colloque  C7 ,  supplément  au  n°7 ,  Tome  40,  Juillet  1979,  page  C7-  593 


NJONLINEAR  INTERACTION  OF  BEAM  WAVES  AND  PLASMA  WAVES 


D.N.  Wall*,  R.N.  Franklin*. 

Department  of  Engineering  Science,  University  of  Oxford. 


For  some  time  now  the  explosive  nature  of  the 

three  wave  interaction  in  which  a  négative  energy  wave 

decays  to  two  positive  energy  waves  has  been  examined 

theoretically\    Expérimental  démonstrations  in 

plasmas,  with  one  exception  ^,  have  involved  cyclotron 

waves^'^  rather  than  non-magnetised  plasma  wave 

modes.    This  paper  describes  measurements  on  an 

électron  beam-plasma  configuration  demonstrating  the 

underlying  interaction  but,  because  the  experiment  is 

carried  out  in  space,  and  because  the  group  velocities 

are  not  ail  in  the  same  direction,  the  interaction  is  not 

one  of  indefinite  growth  in  the  first  order  approximation. 

The  expérimental  apparatus  used  was  the  Culham 

single-ended  Q-machine  ARIADNE  modified  by  the 

substitution  of  an  électron  gun  assembly  for  the  cold  end 

plate .    This  électron  gun  was  part  of  a  standard 

travelling-wave-tube  cathode  with  its  helical  wave 

structure .    The  beam  was  extracted  at  a  conventional 

operating  voltage  and  subsequently  slowed  down  by  an 

auxiliary  électrode  before  injection  into  the  plasma. 

The  plasma  was  formed  in  the  usual  manner  in  a 

Q-machine  and  typical  operating  conditions  were  with  a 

plasma  frequency  of  80MHz,  the  ions  being  potassium 

and  the  plasma  column  diameter  2.5  cm.    The  density 

of  électrons  within  the  System  was  measured  and  the 

beam  diameter  found  to  be  approximately  2.5  mm.  The 
beam  density  depended  on  the  beam  current  and  voltage 

and  could  be  varied  up  to  one  eighth  of  the  plasma 

density. 

If  the  beam  is  sufficiently  fast  and  tenuous  then 


the  linear  beam-plasma  instability  can  be  avoided  as 
indicated  in  Fig.  1.  This  is  due  to  the  finite  radial 
extent  of  plasma  and  beam.  The  instability  could  be 
'switched  on'  by  operating  at  a  sufficiently  low  beam 
speed  but  that  régime  was  avoided  in  the  work  which 
follows. 

Attempts  were  made  to  observe  the  decay  of  a 
beam  to  two  plasma  waves  according  to  scheme 
h-^C  indicated  in  Fig.  1.     However,  the  clarity 

of  earlier  work    on  the  scheme  s  involving 

decay  of  électron  waves  to  électron  waves  and  ion 
waves  could  not  be  achieved.    This  was  due  to  the 
competing  non-linear  effect  in  which  the  beam  wave 
interacts  with  the  beam  électrons  and  excites  sideband 
instabilities  of  the  beam  wave^.    An  observation  of 
b         +  s  has  been  reported  recently^. 

Accordingly  the  measurements  were  restricted 
to  the  mixing  case  in  which  two  waves  were  injected 
and  a  third  observed.    The  résonant  nature  of  the 
process  was  demonstrated  by  fixing  one  frequency  and 
varying  the  other  to  maximize  the  amplitude  of  the 
product  wave.    The  process  was  demonstrated  to  occur» 
with  the  injected  waves  both  plasma  waves  and  also  for 
the  beam  wave-plasma  wave  case. 

In  order  to  demonstrate  frequency  and  wave 
number  matching  the  product  wave  frequency  had  to  be 
identified  and  in  a  separate  experiment  under  the  same 
plasma  conditions  its  wave  length  under  linear 
conditions  was  measured.    A  comprehensive  set  of 


C7-  594 

data  obtained  in  this  way  is  shown  as  Fig.2,  where  the 
offset  from  the  curve  is  a  measure  of  frequency  and 
wave  number  mismatch.    To  show  the  three-wave 
nature  of  the  process,  the  product  wave  amplitude  was 
measured  as  a  function  of  the  injected  wave  amplitude 
under  fixed  plasma  conditions  and  wave  frequencies. 
Results  given  in  Fig.3  indicate  that  until  other  compet- 
ing  non-linear  effects  intervene  the  product  amplitude 
^3  is  proportional  to  ^ 

It  should  be  remarked  that  the  explosive  scheme 
b  ->  b    +  ^  "  could  not  be  observed  in  our  experiment 
because  the  beam  densities  were  not  high  enough  nor 
the  plasma  length  sufficient.    Interactions  were  also 
observed  in  the  low  frequency  spectrum.     The  waves 
concerned  were  excited  by  the  présence  of  the  électron 
beam  and  their  frequency  depended  on  the  magnitude  of 
the  magnetic  field  confining  the  plasma  column. 
Comparison  with  other  work^  suggests  that  thèse  are 
Bernstein  waves  excited  by  the  E_  x  B  drift  of  ions  at 
the  edge  of  the  électron  beam  région.    Certainly  the 
data  of  Fig.4  is  consistent  with  the  dispersion  of  such 
waves  being  excited  by  a  beam  whose  speed  varied  as 
E/B,  i.e.  it  increased  with  increasing  électron  beam 
density  and  decreased  with  increasing  magnetic  field. 

The  work  was  greatly  assisted  by  earlier  exper- 
iments  of  and  discussions  with  Dr.  P.D.  Edgley. 
*Now  at  UKAEA,  Winfrith  Heath,  Dorset. 
+Now  at  The  City  University,  London. 
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Ik  TIME  DOMAIN  METHOD  FOR  TRANSIENT  SCATTERING  OF  ELECTROMAGNETIC  WAVES  IN  PLASMAS 

Milos  M.  Skoric  and  Bozidar  V.  Stanic*. 

Boris  Kidria  Institute  of  Nualear  Sciences  -  Vinaa,  POB  522,  11000  Belgrade, 

Faculty  of  Electrical  Engineering,  University  of  Belgrade,   11000  Belgrade,  Yugoslavia. 


Theoretical   investigations  of  the  tra- 
nsient response  of  a  cold  plasma  média  to 
an  el ectromagneti c  puise  (EMP)  excitation 
1s  of  current  interest.  This  class  of  prob- 
lem  has  been  previously  considered  by  se- 
veral  methods:  Fouri er-Lapl ace  transform 
approach,  based  on  a  frequency  domain  ana- 
lysis /1-2/,  solution  of  the  time  dépendent 
Maxwell 's  équations  /3-4/,  and  the  use  of 
the  time  domain  mu  1 ti pl e-scatteri ng  tech- 
nique /5/  . 

In  this  contribution  a  new  and  direct 
time  domain  approach  to  the  problem  of  the 
transient  response  of  cold  magnetopl a sma s 
is  developed.  Based  on  a  concept  of  a  self 
consistent  field  and  Darv;i  n-Hertree  scatter^ 
ing  forma  1 i sm , space-time  dépendent  intégral 
équation  (STIE)   is  formed  in  a  simple  and 
direct  way.  The  proposed  space-time  intég- 
ral équation  method  (STIEM),  /e/^could  be 
applied  in  the  analysis  of  the  transient 
response  of  an  arbitrary  EMP  in  time-vary- 
ing  i nhomogeneou s  lossy  magnetopl asmas  of 
arbitrary  geometrical  structure. 
1.  SPACE-TIME   INTEGRAL  EQUATION  METHOD 

STIEM  developed  here  is  derived  by  the 
extension  of  the  harmonie  steady  state  Dar- 
win-Hertree  scattering  method  /7-8/  to  the 
domain  of  transient  EMP.  Physical  analysis 
and  explanation  of  propagation  and  distor- 
tion  of  EMP  in  dispersive  média  is  given  in 


classical  papers  by  A.   Sommerfeld  and  L. 
Bri 1 loui  n  /9/ . 

An  incident  wave  field  of  an  arbitrar- 
ry  EMP  at  the  observation  pont  M  ("r")  is 
where  t^tCt)   is  retarded  time  variable. 

Introduc  i  ng 

T  =  T  (■?•)=  t^'l'Crn  (1) 
where  t  is  the  time  variable  and  ^{"r)  dép- 
ends on  a  type  of  the  incident  EMP  (eq. 
plane,  spherical,  etc),  determininq  the  in- 
itial  condition  as: 

T(0)   =  -  y^o^   =  0  (2) 
The  wavefront  of  the  incident  EMP  pro- 
pagates  through  the  plasma  at  the  speed 
of  light  in  vacuum  and  without  distortion 
/9/  . 

Election  dipole  moment  'p'  at  the  point 
M^  Cr"^  )   in  plasma  caused  by  the  transient 
EMP  is: 

_^      r"p(r^,T^)   ,  0 

I      0  .  T^<0  (3) 

where      =t  (T^j  )  . 

Introducing  an  elementary  Hertzian 
vector  /7/,  dlT^  at  M  (r")  scattered  by  the 
elementary  plasma  volume  dV^  surrounding 
M^  (r\|  )  and  summing  up  ail  the  contributions 
in  the  volume  of  plasma,  the  total  time 
dépendent  scattered  fields  ( sel f -cons i s tent 
f  i  e 1 d  s )  are: 
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wh  ère  .n=  n(r^)   is  the  électron  density, 
R  =  |'^^-i^|,  and  space  derivatives  are  applied 
to  the  coordiantes  of  the  observation  point 
M(r'),V/lr  is  a  symbol  for  the  intersection  of 
the  plasma  volume  V  a nd P  wi th f def i ed  as: 
r:cT^-R  >0,  where  r=Kr\|)   is  différent  for 
various  types  of  incident  EMP,  dependinq 
on      and  t  as  a  parameter.  Due  to  the  space 
-time  dependence  of  the  volume  of  intégra- 
tion vnr,  relations   (4)  and   (5)  define  STIE 
for  the  scattered  fields  of  EMP  with  an  ex- 
plicit  form  obtained  by  the  substitution  of 
the  expression  for      which  is  derived  from 
the  électron  équation  of  motion.   In  the  dé- 
rivation of  the  STIE  (4), (5)  we  have  not 
made  any  presumptions  about  the  characteris- 
tics  of  the  plasma  média.   In  that  way  STIEM 
could  be  applied  in  the  transient  analysis 
of  generalized  cold  plasma  configurations. 

II  STIE  FOR  PLANE  EMP  SCATTERED  BY  AN  ANISO- 
TROPIC  LOSSY  PLASMA  HALF  SPACE 

For  an  arbitrary  plane  EMP  excitation 
one  obtains:r:ct-(F^  .'?+R)?0    with  "s"  as  a 
wave  normal  unit  vector.   It  is  not  difficult 
to  conclude  thatPdefines  the  interior  of  a 
paraboloid  with  the  axis  in  ?  direction  and 
focus  at  the  observation  point  M(r^). 

For  anisotropic  stratified  lossy  plas- 
ma(+z  direction)  half  space  and  normally  in- 
cident linearly  polarized  plane  EMP,  from 
the  électron  équation  of  motion  one  obtains: 

where  p  =  p^  +  iPy;  v=v-ia)^,a)^  and  v  are  électr- 
on   cyclotron  and  collision  frequency,  and 
E*  =  E.e\ 

Introducinq  a  new  set  of  variables 


v-ct- (     .?+R)  and  u=z  +  v/2  one  obtains  the 
STIE  qiven  as:       ci-Z  ^  ^ 

E*  =  E*  +iEj*  where  E*  and  E*  are  parallel  anc 
crosspol ar i zed  components  of  scattered  fiel, 
respectively .  The  above  expression  for  the 
STIE  is  in  aqreement  with  the  équation  of 
Gray  and-Bowhill  /10/  obtained  by  the  use  t 
mul ti pl e-scatteri ng  technique.  For  V=0  the 
resuit  agrées  with  /5/. 
III  CONCLUSION 

A  method  of  self  consistent  field  anc 
Darwi n-Hartree  microscopic  scattering  for- 
malism  is  applied  in  the  time  domain  and  tt' 
space  time  inteqral  équation  for  the  scattf 
red  field  is  obtained:Due  to  the  généralité 
of  the  proposed  method  it  could  be  applied 
in  the  transient  analysis  of  a  time-varyinc 
i nhomogeneou s  lossy  mag netopl a sma s  for  an 
arbitrary  EMP  excitation.  Transient  scatter 
ing  of  an  plane  EMP  in  a  stratified  longiti 
dinally  anisotropic  lossy  plasma  half  space 
is  considered  as  a  spécial  case.  i 
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VITERACTION  OF  EM  WAVES  WITH  A  COMPRESSIBLE  PLASMA  COLUMN 


Lj.  R.  Cander  and  B.V.  Stanic  . 


•  Institute,  Groaka, 
Faaulty  of  Electrical  Engineering,  University 

1.  INTRODUCTION.  The  interaction  of  an  ele- 
ctromagnetic  wave  with  compressible  plasma  half- 
space  or  plasma  column  has  been  extensively  stu- 
died  in  resent  years    /1/-/3/.  There  have,  howe- 
ver,  been  very  few  reports  with  numerical  results 
about  the  interaction  of  electromagnetic  waves  by 
an  infinitely  long  compressible  plasma  column. 
With  the  resent  progress  in  space  exploration,  a 
problem  of  this  kind  has  become  an  important  one 
which  has  some  relations  with  space-communication 
technology  and  radio  astronomical  problems.  The 
présent  analysis  investi  gâtes  the  scattering  of 
an  obliquely  insident  plane  electromagnetic  wave 
by  an  infinitely  long  lossless  plasma  column.  Nu- 
merical results  for  the  differential  scattering 
cross  section  are  obtained  for  a  range  of  acous- 
tic  velocities  in  elect^ron  gas. 

2.  FORMULATION  OF  THE  PROBLEM.  We  consider 
the  scattering  problem  for  the  case  where  a  plane 
electromagnetic  wave  is  incident  on  an  infinitely 
long  homogeneous  lossless  compressible  plasma  co- 
lumn of  radius  a  immersed  in  free  space.  The  wave 
vector      of  an  obliquely  incident  wave  is  assu- 
med  to  be  yz-plane  and  makes  an  angle  4>„with  the 
négative  y-axis.  For  an  incident  wave  whose  ele- 
ctric  field  vector  of  magnitude  E^  makes  the 
angle  ^  with  the  x-axis,  the  axial  components 
take  the  form 


■>f  Belgrad. 

where  H^(1)  are  the  Hankel  functions  of  the  first 
kind  and  order  n.A^    and       are  scattering  coe- 
fficients to  be  determined  by  the  appropriate 
boundary  conditions. 

3.  FORMAL  SOLUTIONS.  Supposing  that  the  com- 
pressible plasma  can  be  described  by  the  small- 
signal  theory  and  considering  only  the  motion  of 
électrons,  the  plasma  column  is  governed  by  Max- 
well 's  équations,  the  momentum  équation  and  the 
combined  équations  of  continuity  and  state  /4/. 
A  straightforward  manipulation  of  this  équations 
gives  the  following  coupled  second-order  diffe- 
rential wave  équations: 


Ei=|j-l)VnJn{kjyr)Fn 
H^=  J.H)"BnJn(kiyr)Fn 


(1) 


b|!|=-(£.,/jj,)  EqCosQ  ,  F^=exp(in9+  ik^.^z-iwt)cos0^ 
and      are  the  Bessel  functions  of  the  first 
kind  and  order  n.  The  axial  components  of  the 
scattered  wave  in  free  space  are 

E^|(-l)^nH^kiyriFn 
h|  =|>1)"i(£^/>uJ  BnH^  ^kjyr)  Fn 


d^Ez  ^  1  dEz 
d7^  /d/ 


(p-^)Ez  =  -igP 
dÎHiM  ldi..(p-£L)Hz=  0  (3) 

d  ^2    /  d  / 

w  and  Wp  are,  respecti vely,  the  circular  frequen- 
cy  of  the  incident  wave  and  électron  plasma  frequ- 
ency,  P  is  the  pressure  déviation  from  the  mean 
and  Uq  is  the  acoustic  velocity  in  électron  gas. 
The  axial  components  E^^  and  H^^  of  the  field 
and  P  deduced  from  eqn.  (3)  are 

Ezn  =  |m  "[AhP  Jn'p''i)*C,<iJ,(«i'V)]  F„ 
Hzn=2M)"NnJn(p''V)Fn  (4) 
Pn=I(-1)"Cn«l^^J„(q"V)Fn 

with 

Using  the  transverse  field  components  expressed 
in  terms  of  their  axial  components  and  relation 
for  the  radial  component  of  the  average  velocity 
of  électron  gas 


u.=-   'g    F  -    i  3P 


(5) 


one  can  now  to  satisfy  the  boundary  conditions  at 
the  free  space-homogeneous  compressible  plasma 
interface  (J'a=koa).  Matching  the  boundary  conditi- 
ons gives 

X  •  C  =  Y  (6) 
where  X  is  a  5x5  square  matrix,  C  and  Y  are  5x1 
matrices  with  the  éléments 

^12=  ^IS""  ^31"  ^33  =  ^34=  ^51  =  ^52""  ° 

X„  =  H"'(Xg),  X,3=-pJ^(p^),  X„  =  -<tJn(qa) 
X2r-sH:'(x,).  x^^^^H^lx^,  X„=ns^Jn(p,J 
X2.=  ^%Jnk^.  X„=i(^)"'pWjn(Pa)> 
X32=*(i:J"'HÏ(x^'X35=--'n'Pa'^ 

Xo=-*'fe'S>'n(Pa)^  X„  =  IÎ^  J,(p,).  ep=e  p 

Xs3=^  p"jn'Pa).  X,-[^.Ç^"^]^^j;,^) 

^ss=ë)"lj^,Jn(Po),s  =  ;^,  ^  =  p"Va. 

C,  =  A^  C,=b'.  C3=A^.  C.rC^.  Cj^Nn 

Y,  =  -Eo,W  ^2=  sEo,Jn('^)-çi5ip^Ho,Jn(Xa) 

Yj=  fe'"  Ho,JnlXa),  Y,  =  0 

Xa=/aCos<t).,  q,=  q,"  j>a,        EoSinf^,  Ho,=  CGsr^. 

The  matrix  form  (6)  has  been  used  for  computation 
of  the  scattering  coefficients       and  B^. 

4.  NUMERICAL  RESULTS.  We  consider  only  the 
case  for  an  E  incident  plane  electromagnetic  wave 
and  the  distribution  of  scattered  energy  in  cross- 
polarized  fields  is  expressed  as  follows 


limJTr  Re(gf  X  H^*)-gr 


The  scattered  fields  in  above  expressions  are 

H*(HfH|,H|)=FiS(HSHSp),flS(Qo^^s, 

Angular  variation  of  a  normal ized  cross-polarized 
components  of  scattering  cross  section  for  vari- 
ous  acoustic  velocities  in  électron  gas  is  plotted 


in  Fig.1.  The  shapes  of  the  curves  are  noticeably  ' 
affected  by  the  variation  of  acoustic  velocity 
mostly  in  the  angular  i ntervalà9=+50°  around  the 
latéral  direction  (0  =  180°).  In  the  case0>0.08  the: 
values  of    5^/5^  increases  and  noticeable  maximum' 
appears  at 0=180°,  whereas  it  decreases  for  the 
case  0.0G1<fi<0.08  and  the  prominent  minimum  is 
seen  at  0=160°.  Thèse  are  just  a  few  of  the  chara- 
cteristics  that  can  be  deduced  from  the  data  givèn 
in  Fig.1  and  one  may  conclude  that  the  angular  di- 
stribution of  scattered  energy  is  very  sensitive 
to  the  values  of  the  acoustic  velocities.  Ail  com- 
putations  have  been  performed  on  a  CDC  3600  compu- 


90  m    m   150   170    190  210  230  250  270 

0M 

i-ig.i.  Normal  ized  cross-polarized  components  of 
scattering  cross  section  versus  the  azimuthal 
angle  9  for  various  values  of  (3/4),=30°,  k  a=0.5, 
WpW=0.5/.  °  0     •  '  • 
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«FLUENCE  OF  OISSIPATIVE  PROCESSES  ON  THE  PROPAGATION  OF  GUIDED  ELECTRON 
LASMA  WAVES  ON  A  PLANAR  PLASMA  SLAB 


Boris  Kidric  Institute  of  Nualear  Sciences, 

The  aim  of  this  paper  is  to  obtain  the 
)ropagation  and  atténuation  characteristlcs 
)f  guided  électron  plasma  waves  propagating 
)n  a  planar  plasma  slab  placed  between  di- 
fférent dielectrics  in  the  présence  of  di- 
isipative  processes. 

We  consider  a  planar  plasma  slab  of  uni- 
'orm  density ,thickness  a  and  with  the  boun- 
tary  planes  parallel  to  X-Z  plane. 

We  describe  plasma  by  équivalent  permit- 
:ivity 


E^=[Aexp  (-6y+ jay)  +Bexp  (ey- jay)]x 

X  exp(-oz-j6z)  (7) 
The  boundary  conditions   (continuity  of 
tangential  components  of  electric  and  magne- 
tic  field),  with  the  condition  that  the  ele- 
ctric and  magnetic  field  must  be  finite 
everywhere,  form  set  of  four  linear  homoge- 
neous  équations  for  the  four  constants  of 
intégration.  The  requirement  that  nonzero 
solution  of  this  set  should  exist,  yields 
the  dispersion  relation 


and  neighbouring  dielectrics  by 


^ir'^^li^^lr'^"^  ^1^  (2) 
"2r-='^2i=^2r<l-='        ^2^  (3) 


pr2a(3-jo)T  =  — i. 


(8) 


>'^-2--p' 

It  is  évident  that  the  propagation  coe- 
fficient 6  and  the  atténuation  coefficient 
a  can  be  given  by 


Jhere  tg  6^  and  tq  (, ^  are  loss  tangents  of 
:he  dielectrics,  oi,  0)^  and  v  are  operating, 
Jlasma  and  collision  frequency,  respective- 

In  the  présence  of  dissipative  processes, 
ruided  électron  plasma  waves  must  attenuate 
'1-3/  and  Z  dependence  of  electromagnetic 
•ields  must  be  given  in  the  form  exp(-az  - 
iSz),  where  a  and  6  are  the  atténuation  and 
>ropagatlon  coefficients  respectively ,  The 
.ntroduction  of  this  dependence  into  Maxwe- 
.l 's  équations  yields 


d^E, 


2a     (^i+tpî  (ç^+Ep) 


— +  r(a+je)^+k  Te  =  0 
dy2       L  o    rj  z 


(5) 


(a+je)^+k^e^  dy 
where        is  the  wavenumber  in  the  free  spa- 
ce,        the  permittivity  of  free  space  and 

the  relative  dielectric  constant. 

In  the  slow-wave  limit  /l/  we  can  assume 
that 

kjelVh^el  (6) 
and  then  the  gênerai  solution  of  eqn. (4)  is 
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2i^^9  7  n   (1°) 


If  the  imaqinary  parts  of  the  permitti- 
vities  are  much  smaller  in  magnitude  than 
the  respective  real  parts,  the  propagation 
coefficient  B  reaches  the  maximum  values  at 
the  résonance  conditions 


pr      ir  pr  2r' 

and  thèse  values  are  given  by 


(11) 


k=l,2,  (12) 
For  the  lower  résonance  frequency  the 
atténuation  coefficient  a  is  equal  to  7r/4a, 
and  for  higher  résonance  frequency  is  equal 
to  37r/4a.  Between  the  résonances  the  propa- 
gation coefficient  reaches  the  minimum  value 
for 

^pr""^^lr"^^2r^/^  (13) 
This  minimum  value  is  given  by 

In  this  case  the  atténuation  coefficient 
is  equal  to  Tr/2a. 

The  normalised  oropagation  and  atténua- 
tion characteristics  are  plotted  for  vari- 
ous  ratios  of  collision  and  plasma  frequen- 
cy and  e^^=15,   ^^^=3,   tg  6  =tg  6  =0,  in 
fig.  1.  ^ 
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Récent  advances  in  the  theory  of  "strong" 
Langmuir  turbulence     have  concentrated  on  the  évo- 
lution of  modulational  instabilities  and  their 
relation  to  soliton  solutions  (in  1-D)  and  Langmuir 
collapse^  in  higher  dimensions,  tlost  of  the  non- 
linear  théories  in  this  area  have  emphasized  initial 
value  or  similarity  solutions  for  the  cohérent  non- 
linear  structures  of  interest.  In  many  situations 
we  can  conceive  of  the  nonlinear  excitations  as 
developing  from  the  thermal  (particle)  fluctuations 
in  the  plasma  in  rhe  présence  of  external  beams  or 
A.C.  fields  which  drive  Langmuir  instabilities. 
Numerical  studies"^  have  shown  the  birth  and  decay 
of  "collapsons",  new  collapsons  being  generated  from 
the  residual  fluctuation  débris  of  previously 
decayed  collapsons.  It  is  not  unreasonable  to  try 
to  construct  a  statistical  turbu]ence  theory  to 
describe  such  situations.  The  présent  work  repré- 
senta a  preliminary  attempt  in  this  direction. 

Our  method  is  a  generalization  to  the  Zakharov 
équations"'"  of  the  direct-interaction  approximation 
(DIA)  of  Kraichnan^  which  was  originally  applied  to 
the  Navier-Stokes  équations.     We  begin  with  the 
Zakharov  équations  in  Fourier  transform  space, 
which  can  be  written  in  the  compact  form: 


(1) 


ctor 


where  N,  =  N     (k  .t  )  is  a  three  componeni 
with  the  discrète  indices        taking  on  the  waves  +, 
0,-.  Repeatftd  indices  such  as  2  and  3  are  under- 
stood  to  be  summed  on  discrète  indices         ctj  and 
integrated  over  the  continuous  variables  k^ ,  tj, 
etc.  The  identification  of  the  discrète  indices  is 
N+(iii.ti)=  ')>'^(ki,ti);  No(ki,ti)  =  n(ki,t,); 

N_(ki,ti)  =  4>"(ki,ti), 
where  (f)''"(kj ,  tj  )  ,  (î)~(ki,ti)  are  the  spatial  Fourie 
transforma  of  the  envelope  function    of  the  high 
frequency  Langmuir  potential  and  its  complcx  con- 
jugate  [(l)'^(k,t)*  =  ({)"(-k,t)j  and  n(k,t)   is  the 
Fourier  transform  of  the  ion  density  déviation 
[n(k,t)  =  n(-k,t)].     The  linear  operatoi  L12  is 


(2) 


+v  +ikf     0  0 
■1     e  1 

0    S^^+2v.8j.  0 

0               *^  ^t  "'"^e"^'^' 

;  only  nonzero  components  of  X; 


(2TT)^ô(k,-k2)<5(ti-t2) 
(3) 


:  -X 


(2)  , 


L(kj-k3)k, 


xj:^.  =  xj!i  =  -k?(k,.k3)ô,,3 

=    (2TT)^ô'(kj-k2-k3)ô(t2-t3)6(ti-t2)  . 

Equation  (1)   is  a  gênerai  quadratically  non- 
linear form  to  which  the  DIA  can  be  immediately 
applied,^  giving  a  set  of  équations  coupling  three 
important  objects:  the  ensemble  averaged  (mean) 
fields  (Nj>,  the  infinitésimal  reaponse  function 
(given  by  a  functional  derivative)  and  the  covari- 

Rjj,  =  6(Ni>/ô<ni.>;  Cjj'  =  (NjNi  '  >-<Nj  XNj  •  >  (5) 
The  équations  Connecting  thèse  are: 

Eu,  =  xf^JxJ'î,T,R^^,C33,+xJ'î<N3>,  (7) 
Li2<N2>  =  <ni>  +  ^xf^î^^N^XNj  >+C2  3)  ,  (8) 
(£12-^12)^21 ,  =  Rj ,2,Sj2,   ,  (9) 

^11'    =   ^îl-         ^^J23^J'Ï'3'^22'^33'     '  ^^^^ 

where  sjj,  is  the  corrélation  of  the  fluctuating 
part  of  the  driving  term  rij  which  we  can  take,  for 
example,  to  be  white  noise  related  to  the  damping 
décréments  by  a  Nyquist  theorem: 

sjj,  =  <6ni6ni,>  =  r^^^^,6'(ki-ki')6(t,-ti'),  (11) 

r+.  =  r.+  =  ^T^Ve'^i"' '  ^0  0  =  3kJ(m./m^)v.; 

others  zéro.  (12) 
This  set  of  nonlinear,  non-Markof f ian  coupled 
équations  is  currently  being  studied  by  numerical 
analysis.     The  gênerai  initial  value  problem  is 
difficult  because  of  the  long  tlme  historiés  which 
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must  be  retalned  in  an  unstably  evolving  System. 
The  DIA  can  be  shown  to  have  the  gênerai  property 
that  the  mean  constants  of  the  motion  of  the 
Zakharov  équations""- '  ^  <N>,   (P>  and  <H>  are  indé- 
pendant of  time.     Thèse  conservation  properties  of 
the  complète  DIA  glve  us  some  confidence  that  thèse 
équations  contain  at  least  some  of  the  physics 
important  for  Langmuir  collapse.^ 

We  have  investigated  the  steady  state, 
spatially  homogeneous  solutions  of  thèse  équations 
for  zéro  mean  field.  Here  the  R(C)  matrices  have  a 
diagonal   (anti-diagonal)  form.  The  explicit  équa- 
tions for  the  various  components  are: 
[-Kojj  -kl)  +       -  Z^^(kiWj)]R^^(kia)i)  =  1  (13a) 

5:_^^(ka))  =  (2T:)~yd3k2./da)2{i(kj-k2)'k7^k3 
•C+.(k2.W2)Roo  (k3,a)3)  +  (k^'k^)\-\-^ 
•R+^(k2."2)Co„(k3a)3)}     ;  (13b) 
[-1(011 -kj)  +       -  Z^^(ki,a)i)]c^_(kja)i) 

=  V^"^!"!)  (14a) 

=  S°_(kjaji)  +  (2TT)~'*yd'kj  (kj.k3)'k7' 
•Co„(k,,aipc_^(k3.a)3)   ;  (14b) 
[-(^l  +  2ia)jV.  +  kl-  2:oo(ki.«i)]Roo(iii.'^i)  =  1.  (15a) 
=  (2ïï)"'/d'kjda3j-i)(k^.k3)2k^k;' 
•[R+^(k^W2)C_^(k3a,3)-R__(k^a)2)C^_(k3a)3)]  ;  (15b) 
[-0)1  +  2io)iv.  +  kj  -  i:oo(ki,'^i)]Coo(iii,a)i) 

=   Ro„(ki.O,,)    S,„(kj,0.^)    ,  (163) 

Soo(iii''^i)  =  Soo(kiWi)  +  Wlfd'k.fda^.kl 

•(ib-k,)'  C+J^2^2)C_^(k^,c,^)   ;  (16b) 
where  throughout  k^  =  k^  +  kj ,  oij  =  oj^  +  oj^  and 
R__(ki«^i)  =  R+^.(-kl  ,-Wi)*  and  C  ^  kj  ,Wj  )  = 
C^.(-ki,-o)j). 

What  usually  is  described  as  weak  turbulence 
theory  is  obtained  from  équations  (14)  and  (16)  by 
replacing  the  response  functions  R  and  everywhere 
by  their  zéro  order  values  r|^  =  [-i(ûj-k^)  +  v  j"^ 
Roo  =  [-ùj'  +  2io)V.  +  k^]"',  cl_  =  W(-k)k"'(2w)  • 
5(0)  -  k^),  etc.,  where  W(k)  is  the  Langmuir  energy 
density.  In  this  approximation,  it  is  easily  seen 
that  the  two  terms  in  and  E„„  describe  induced 

decay  processes  of  the  form  L  -  L+S  which  lead,  for 
example,  to  the  well-known  cascade  of  wave  energy 
toward  lower  k. 

The  DIA,  on  the  other  hand,  treats  the  self- 
consistent  renormalization  of  the  response  functions 
and  this  renormalization  is  necessary  to  préserve 


the  mean  constants  of  the  motion.     This  renormali- 
zation has  extremely  important  conséquences: 
example,  if  in  (15b)  we  approximate  the  quanti 
R  and  C  by  their  zéro  order  values  and  then  substi 
tute  the  resulting  Z^^  into  (15a)  we  find  that 
Roo  has  complex  pôles  corresponding  to  the  roots 
the  well-known  modulational  dispersion  relation 
i.e,,   the  quantity  in  square  brackets  in  (14)  is 
just  this  dispersion  relation  generalized  to  the 
case  of  a  broad  Langmuir  spectrum.^     Thus,  in 
addition  to  the  modified  ion  sound  pôles  in  R 
(modified  by  the  decay  branch  of  the  dispersion 
relation)  the  modulational  instability  introduces 
new  modulational  pôles  in  R„  „  .     When  this  renorma- 
lization R„„    is  put  into  (13b),   it  appears  that 
flow  of  Langmuir  energy  toward  higher  k  becomes 
possible.     Furthermore,  C^o  now  has  large  compon- 
ents due  to  the  modulational  instability  which 
produce  a  significant  source  term  (14b)  on  the 
right-hand  side  of  (14a).     The  renormalized  Langmu; 
modes  then  have  a  finite  turbulent  damping  in  con- 
trast  to  the  marginally  damped  modes  found  in  the 
usual  theory  of  the  cascade  of  energy  toward  small 


A  fully  s 
équations  requ 
sent  results  o 
équations  as  w 


ilf- 


:onsistent 


of  the  DIA 


^sis.  We  will  pre 
imerical  solutions  of  the  DIA 
comparison  of  the  results 
with  direct  computer  solutions  of  the  Zakharov 
équations.  Questions  concerning  the  spontaneous 
génération  of  a  mean  field  at  k  =  0  to  account  for 
the  Langmuir  condensation  and  conséquent  modula 
tional  instability  will  also  be  addressed. 

This  research  was  performed  under  the  ausp 
of  U.S.  DOE  and  AFOSR  grant  //F49620-76-C-0005 . 
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bst; 


tj_  Electron  plasr 


1  are  treated  in  a 
orus  of  square  cross  section  with  an  infinitely 
trong  azimuthal  magnetic  field.  Eigenf requencies 
aà  eigenfunctions  are  calculated  numerically. 

Although  many  experiments  were  performed  in  to- 
Didal  devices  a  well-developed  theory  of  toroidal 
t  available  as  yet.  As  a  step  in  that 
lectron  plasma  waves  are  investigated  in 
dal  cavity  of  square  cross  section,  i.e.  the 
me  configuration  as  used  by  Swanson  (J)  in  dis- 
issing  ion  cyclotron  and  fast  waves.  Cylindrical 
jordinates  r,  (ji,  z  are  used.  The  torus  bas  a 
ijor  radius  R  and  a  square  of  latéral  length  2r 
le  cavity  is  completely  filled  witb  a  homogeneous 
Lasma,  and  the  walls  are  idéal  conductors.  In  con- 
rast  to  the  original  paper  by  Trivelpiece  and 
)uld   (2),  where  the  magnetic  field  has  only  a  com- 
)nent  in  the  z-direction,  the  magnetic  field  here 
-es  in  the  ((.-direction.  A  linearized  fluid  descrip- 
.on  is  used  (3) . 

The  magnetic  field  is  assumed  to  be  infinitely 
;rong,  so  that  the  r-  and  z-components  of  the  ve- 
icity  can  be  neglected.  Thus  the  System  of  line- 
•ized  équations  consists  of  the  équation  of  con- 
nuity,  the  i^-component  of  the  équation  of  motion, 
id  Poisson's  équation: 


! 


1/2 


a^  =  (kgT/m)         is  the  velocity  of  sound.  Thii 
leads  to  the  following  équation  for  the  electrosta 
tic  potential: 


a2 


3t^ 


^  +  !££        y  =  0 


Variables  can  be  separeted  by  the  following  ansatz 

^  =  e^""'  e^V  e^"""  T^(r) 

The  uniqueness-condition  restricts  the  mode  number~ 
m  to  integers]  m=0  describes  the  steady-state  solu- 
tion. The  perfectly  conducting  walls  require  that 
"i-  vanishes  at  the  walls,  i.e.  T(r,  z=0)  = 
=  T(r,  z=2r^)  =  0,  which  results  in  a  sinusoidal 
z-dependence  («  sin  k^z  with        =  mr/2r^)  And  in 
the  conditions    T(r=R-r  ,  z)  =    'l'(r=R+r  ,  z)  =  0 
whence  we  obtain  boundary  conditions  for  the  radia 
eigenfunctions  T^Çr)  which  obey  the  following  dif- 
ferential  équation: 


1 


•  k-^)  T, 


Primes  dénote  derivatives  with  respect  to  r.  This 
eigenvalue  problem  with  oj  as  the  eigenf requency  wa 
solved  numerically  by  a  shooting  method.  Numerical 
values  typical  of  large  present-day  experiments 
were  chosen.  E.g.,  the  Debye-length  was  set  equal 
to  7.43xlO~^  X  R.  The  figures  below  show  some 
examples  of  the  eigenfunctions  T    for  an  inverse 
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aspect  ratio  a  =  0.3.  The  eigenf unctions  are  nor- 
malized  by  setting  dT/dr  =  1  at  r  =  R  -  r  .  The 
first  six  modes  in  1   (]  =  1  -  6)  are  plotted  one 
over  another  in  each  figure  for  ni=l,  n=l  in  Fig.], 
for  m=3,  n=3  in  Fig. 2, and  for  m=5,  n=5  in  Fig. 3. 


0. 1387775 
0.0875564 
0.0620977 
0.0476929 
0.0385919 
0.0323636 


s  w/u)      for  ■ 
pe 

m=3  n=3 
0. 1939191 
0. 1602070 
0. 1363490 
0. 1 164748 
0. 1003223 
0.0874481 


!  cases  are: 


0.2101450 
0. 1820234 
0. J636392 
0. 1491299 
0.1359926 
0.1238370 


From  the  figures  one  can  clearly  see  the  deviatio: 
of  the  radial  eigenfunctions  from  symmetry  about 
r  =  R  which  should  obtain  for  linear  geometi 
For  the  appropriate  linear  geometry,  a  parallelep: 
ped  of  length  2TrR,  and  side-length  2r  ,  the  eigen- 
functions are  sinusoidal.  The  déviation  increasesi 
with  the  inverse  aspect  ratio,  i.e.  with  the  cur- 
vature  of  the  torus.  However,  as  can  already  be 
suspected  from  the  three  examples  given  here,  it 
turns  out  that  the  mode  number  n  has  much  more  ii 
fluence  on  the  shape  of  the  eigenfunctions  than 
the  aspect  ratio.  On  the  other  hand  variation  of 
changes  the  eigenf requencies  but  does  not  alte: 
shape  of  the  eigenfunctions. 

The  eigenf requencies  for  linear  geometry  are 
generally  somewhat  smaller  than  those  for  the  to- 
rua.  For  the  ahove-mentioned  examples,  the  dei 
tion  lies  within  1  -  4  %  for  most  of  the  modes  ant 
reaches  a  maximum  of  23  %  for  the  1=1,  m=5,  n=5 
mode. 

This  work  has  been  supported  by  the  Osterreichi- 
scher  Fonds  zur  Forderung  der  Wissenschaft lichen 
Forschung  Grant  Nr.  2781 /S. 
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I.  INTRODUCTION 

In  a  turbiilent  plasma  ,  especially  when  an  ion- 
acoustic  instability  is  présent, it  bas  been  shown 
sxperimentally  ^'''^and  numerically  that  the  ion 
îistribution  funotion  sbows  two  différent  populati- 
Dns  constituted  by  a  b\ilk  having  a  lower  températu- 
re and  a  tail  corresponding  to  a  much  higher  one. 
This  phenomenon  is  very  significant  for  the  fusion 
since  the  most  effective  contribution  to  it  comes 
from  the  high  energy  part  of  the  ion  pop\LLation. 

In  this  communication  ve  shall  first  propose  a 
simple  method  allowing  to  follow  the  time  évolution 
of  the  average  distribution  function  of  a  particle 
species.Our  formalism  reveals  to  be  more  powerful 
and  more  accurate  than  the  usual  quasilinear  one, 
besidesjit  présents  an  advantage  with  respect    t  o 
the  latter  in  the  sensé  that  we  have  not  to  solve 
a  diffusion  équation  with  a  diffusion  coefficient 
depending  on  velocity.As  an  application, we  subse- 
queritly  consider  the  problem  of  saturation  of  the 
ion-acoustic  instability  driven  by  an  électron 
drift  current  in  a  plasma  having  a  large  electron- 
to-ion  température  ratio.  We  then  show  that  the 
two-temperature  behaviour  of  the  ion  distribution 
function  results  from  the  exchange  of  energy  and 
momentum  between  waves  and  particles ;The  hot  com- 
ponent  then  serves  to  quench  the  instability , the 
spectrum  and  the  turbulent  energy  of  the  satura- 
ted  State  can  then  be  calculated  within  the  basic 
assumption  that  enhanced  ion-damping  is  the  most 
efficient  mechanism  of  absorption. 

II.  BASIC  CONSIDERATIONS. 

We  consider  a  plasma  with  T  /T.  )^  1  where  T 
(T.)  is  the  électron  ( ion)temperature .The  électron 
distribution  function  is  assumed  to  be  a  shifted 
Maxwellian  with  a  drifted  velocity  v^  largely  ex- 


ceeding  in  magnitude  the  ion-acoustic  speed  c 

=  (T  /M)-""^^,  M  (m)  being  the  ion(electron)  • 


where 

mass.In  thèse  conditions  , ion 


;  are  générât ed 


■with  frequeoies  and  growth-rates  given  by 


ï.  =  -  CoJjF.(a)/k)/k^ 

where  the  notations  are  standard  and       is  the  ave 
rage  distribution  function  of  the  ion  species.  In 
the  early  stage  of  the  instability , ion  damping  is 
negligible  but  when  the  time  grows,the  waves  grow 
in  amplitude  and  then  drive  the  ionsto  higher  velo 
city  and  simultaneously  heat  them  which  in  turns 
enhance  the  absortion  of  the  waves. In  order  to  ta- 
ke  into  account  of  this  retro-ef fect ,we  do  not  try 
here  to  reduce  the  équation  for       to  a  diffusion- 
like  équation. In  this  respect  ,  we  make  benefit  of 
the  relation    F(î?,t  )  =  < H( v*(t  )  ))    where  <•••>  dénotes 
ensemble  average,  H(v)  is  the  value  taSen  by  F  at 
t=0  ,v(t)  is  the  velocity  of  a  particle  moving  un- 
der  the  influence  of  the  turbulent  field  from  the 
point  (r,v)  at  t=0.Using  a  Fourier  analysis  of  H(v) 
which  yields  F(v,t)  in  the  form 

F(7.t)  =Jd3p  <e^P-^^*])  H(p)         (  2) 

the  problem  is  now  redaced  to  evaluate  an  orbit- 
dependent  function  in  a  similar  way  as  in  DURREE- 
WEINSTOCK  theory.Using  a  well-known  technique 
devoted  to  this  formalism,  the  two  relevant  cumu- 
lants can  be  calculated  in  the  lowest  order  as 

where  =  î^(t)-^^  is  the  velocity  incrément  .In 
order  to  evaluate  explicitly  the  above  quantities 
we  assume  that  the  wave  spectrum, i .e . ,  I,    ,  is 
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nearly  isotropic  around  the  direction  of  ,  Within 
this  basic  assumption,and  converting  the  sum  appear- 
ing  in  (3)  into  intégral , intégration  over  angles  can 
be  carried  eut  to  yield  the  results  in  the  form 


<?.A7>  = 


P  u 


2  2 


in  which  the  suffices  refer  to  the  direction  of 
and  the  explicit  expressions  of  various  quantities 
appearing  in  (h)  are  quite  long  to  be  written  down 
here.Putting  (h)  into  (2)  and  performing  intégra- 
tion over  p-space  we  obtain  F  in  the  form 


F(v,t)  =  exp(-(v+U)'^/v 


2/2 


)/(n 


3/2 


where  v^^^  =  2T./M  +  UaJ,  ;  w^^^=  2T./M  +  Ua^  are 
still  function  of  v  by  virtue  of  (3).  Inspections 
of  the  analytic  expressions  of  the  various  veloci- 
ties  appearing  in  (U)  show  that  U  is  always  negli- 
gible  and  the  two  other  quantities  behave  as 
2  2 

^eff  -\ff    -  2T.  (l+c(Tg/T.  )/M      for  v  «•  c 
\ff  =  (c^/v^rj  v^)|  dk  £  (k)  for  v>  c^/{2 

W  (  =  s/^-d"n)  /  dk(l-^)£(k)      for  v>,  c/^ 

(6) 

where  the  lower  lirait  of  intégration  is  the  non 
trivial  solution  of  the  équation   CO  =    k  v  ;  o(  is 
the  characteristio  turbulent -to-kinetic  energy 
ratio  ,  and€(k)  =k^l(  k)/l|jT^;        =  (Jim  /8m)^^^ 
Choosing  T^/T^    =  100  and  d  =  10~^  as  typical  va- 
lues in  an  ion-heating  experitnent  we  deduce  from 
(6)  that  the  ion-body  is  only  slighly  heated  and 
an  ion-tail  is  formed  in  the  région  v>  c  /  V~2 
which  corresponds  to  the  resonantinteraction  be- 
tween  waves  and  ions . 

Balancing  the  électron  growth  rate  with  the 
ion  damping  given  by  {l),using  (5)  and  (6),  we 
obtain  at  saturation 

k!v^„=[LogÎL-,]-^  (T) 

as  a  first  approximation, where  v^^^  is  to  be  cal- 
culated  by(6)  with  k»=  k. 

From  (T)  the  wave  spectrum  results  in  the  form 


I(k)    =  T|  k  ^(l+k^X^)  ^^/2/Log(l/r|) 


the  total  turbulent  energy  is  then  approximately 
<^      =     0.25  T|   /Log(l/r|  ) 

ITI.  CONCLUSION. 

We  have  developed  a  simple  method  using  a  tech- 
nique borrowed  in  strongly  turbulent  plasma  theory 
this  technique  is  quite  gênerai, it  can  be  applied  ' 
also  to  explain  the  existence  of  a  non-thermal  ele 
tron  distribution  function  which  plays  a  crucial 
rôle  in  a  laser-produced  plasma  . 


1)  D.S.  Prono  and  C.B.Wharton, Plasma  Phys .  15,253, 
(1973). 

2)  C.T.  Dum,R.Chodura,D.Biskamp,Phys.Rev.Lett.  32, 
1231  (197^). 

3)  J.  Weinstock  and  B.Bezzerides ,Phys .Fluids  l6, 
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In  this  report  we  describe  expérimental 
investigations  on  propagation  of  second 
order  harmonie  surface  waves  in  a  gas  dis- 
charge plasma. 

The  tlieorelical  explanation  of  our  ex- 
périmental data  is  based  on  a  model  given 
by  Sato  et  al   [l]  for  non-linear  mixing  of 
iispersive  waves,  applied  in  the  spécial 
case  of  propagation  of  one  fundamental  wa- 
ve of  frequency  go,  excited  at  z^O  in  a  mé- 
dium with  a  weak  nonlinearity .  The  optimum 
of  the  wave  study  by  the  methods  used  in 
our  experiments  is  that  when  the  coupler 
is  not  placed  at  the  plasma  column  ends. 
Ihus,  ia  the  theoretical  model   [l]    we  in- 
clude  the  fact  that  the  fundamental  wave 
of  frequency  (O ,  phase  velocity  'Vp^=^/ifto 
and  space  damping  rate        propagates  in  a 
direction  of  z<0  as  well  as  of  z>0  (Fig.l) 
j       coupler        jj  pick-up 

z<0  '  0<z,<z  '  z>z 

~  z^Ô  z  ^ 

—  "'V'-f'^- 
fig.  1 

Because  of  the  non-linear  plasma  feature 
this  propagating  wave  arouse  at.  any  ze(-oo, 
(iig.  l)  harmonie  signais  of  frequency 
2fO,  which  propagate  in  both  directions  (  z^ 
z)  according  to  the  linear  dispersion  law 
with  phase  velocities  "^ph~^*^/^2(0  ^"^^  space 
iamping  rates  l^2bi'  ^'^  ^®  ^  pick-up  at 

z(>0)   the  total  signal  of  frequency  2W  at 
this  point,  A^^(z,t),   is  a  resuit  of  the 
interférence  of  the  waves  generatea  by  ail 
Virtual  exciters  z  ana  reaching  to  tlie  po- 
int z.  at  the  moment  t: 

A^j^Cz^.tJ  oc  M  exp(-(|-2^z)  sinCk^^^z  -  2wt  -</j 
(1)  -  N  exp(-2^^^z)   sin(2kyZ  -  2wt  -f) 

where 

^i  =[(Gcosô  +Bcos:Ç)2  +  (Csin»  +Bsin;5)^]''^^ 
N  =[(Ccosa  -Bcos^)"^  +  (GsinO  -Bsin^j)  ^]  ^^"^ 


^=   tan  ^  [(CsmO  +Bsin5)  /  (  CcosO  +Bcos^j] 
=  tan"^  [(CsinO  -Bsin^)  /  (  Ccos  0  -Bcos;^)] 

=  tan-    [(2^^  -f  (I-2uJ/(2k^  +  k,^)] 
0  =  tan-^  [(2^^  -  ,f-^^)/(2k^  - 
If  the  intervais  I  and  III  whose  influence 
is  determined  by  B       are  ignored ,  the  re- 
suit (l)   reduces  to  that  in  [l] . 

Expression  (l)   shows  that  two  types  of 
harmonie  waves  of  equal  frequencies  2(*) 
propagate  simultaneously .  The  first  one 
satisfies  the  linear  dispersion  relation 

and  for  the  second  one  the  conditions 
(3)  k"  =  2k^,  =  2^^ 

are  valid.  The  interval  II  (fig.   l)  con- 
tributes  to  the  amplitude  of  both  types  of 
waves,  whereas  the  contribution  of  I  in- 
creases  the  amplitude  of  the  first  wave 
and  the  contribution  of  III  decreases  the 
amplitude  of  the  second  wave,   so  that  M>N . 

î'or  the  high-f requency  azimuthally  sim- 
metric  surface  waves  we  have  ]^2^^'^'^^^y  (f2a)* 

•         ensure  exper imentally  the  présence 
of  interval  1  (Fig.   l)   and  we  observe,  in 
accordance  with  expression  (l),  différent 
spatial  régions  ( conseeutively  along  the 
plasma  column)   of  a  dominant  propagation 
of  each  type  of  harmonie  waves.  The  propa- 
gation begins  close  to  tlie  coupler  with  a 
predominating  of  tlie  first  (shorter)  wave 
which,  however,   is  more  attenuated.  Next 
to  this  région  an  intermediate  région  fol- 
lows  where  the  two  harmonie  waves  propaga- 
te with  comparable  amplitudes.  Iwhen  the 
contribution  of  the  first  wave  goes  down, 
only  the  propagation  of  the  second  (long- 
er) wave  which  has  a  smaller  amplitude  at 
z=0  but  is  less  attenuated,  remains  along 
the  plasma  column.  This  allows  us  to  ob- 
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tain  directly  expérimental  data  both  for 
the  wavenvimbers  and  the  space  damping  ra- 
tes by  relatively  précise  méthode  for  wave 
investigations  such  as  the  methods  of  time 
-space  diagrams  and  of  phase  shift  measu- 
rements  [2,5] . 

ÏLhe  experiments  are  performed  on  a  hot- 
cathod  neon  gas  discharge  plasma  at  low 
pressure . 

Typical  instances  of  our  expérimental 
data  for  the  propagation  of  the  two  types 
of  surface  harmonie  waves  (generated  by 
one  fundamental  wave  of  frequencyco)  oh- 
tained  by  phase  shift  measurements ,  are 
presented  in  Tabl.   1.  The  characteris tics 
of  the  first  (k',   ^' )   and  second  (k"  ,   ^"  ) 
types  of  harmonie  waves  are  compared  with 
the  corresponding  charac teristies  of  the 
surface  waves  excited  directly  at  the  dou- 
ble frequency  ZwCkg^,   ^2,^)   and  at  the  fun- 
damental frequency  co  (k^,  ^j^)  respeetive- 
ly;  COpg  is  the  électron  plasma  frequency. 
In  the  columns  denoted  as  ûl'   and  ûL"  the 
end  points  of  the  régions  of  dominant  wave 
propagation  are  given  ( z=0  is  the  coupler 
position) . 


co 

I  harmonie  wave 

II  harmonie  wave 

AL' 

cm 

k' 
cm" 

r'xio2 

cm 

cm 

k" 

cm 

f  x102 
cm 

0.19 

0-55 

0.53 
0.51 

5.0 
5.2 

0.2.9 

0-15 

1  .57 
1  .50 

18.4 
22..5 

33-55 

0.56 
0.28 

4.6 
1  .8 

0.35 

3-55 

0.81 
0.41 

6.0 
2.9 

Tabl.  1 


Vi/e  establish  that  at  lower  frequencies 
CO  only  the  first  type  of  harmonie  waves 
i^'^^2ui'    IS'^(2oi^  propagates  along  the  who- 
le  length  (L=55cm)   of  the  plasma  column. 
V/ith  the  increase  of  the  frequency  the  di- 
stance over  whieh  we  observe  a  prédominant 
propagation  of  this  wave  decreases.  At 
higher  frequencies  the  first  type  of  har- 
monie waves  atténuâtes  considerably  over  a 
shorter  distance  than  the  plasma  column 
length  and  we  observe  also  a  région  of  a 
dominant  propagation  of  the  second  type  of 
harmonie  wave  (k"'^2k(^,   (f"'^^(r**^^  *  ■^^^  wave— 


numbers  measured  in  the  intermediate  ré- 
gion change  with  the  distance  but  they  ai 
of  the  order  of  (k'  +  k")/2  which  is  the  wj 
venumber  of  the  resulting  wave  obtained  \  ^ 
the  interférence  of  the  two  waves  with  wê 
venumbers  k'  and  k"  and  equal  amplitudes. 
With  further  increase  of  the  frequency  tk 
région  of  dominant  propagation  of  the 
first  wave  and  the  intermediate  région  V£ 
nish  consecutively  and  the  région  of  pro- 
pagation of  second  wave  begins  to  shorter 
This  picture  of  harmonie  wave  propagatioi  :s 
is  associated  to  the  growing  atténuation 
of  the  waves  with  the  frequency  increase. 
We  suppose  that  the  discrepaneies  from  ec 
(2,3)  obtained  above  the  expérimental  er- 
rer are  due  to  the  dependenees  of  the  wa^» 
charaeteristics  on  the  exciting  signal  an 
plitude.  The  spatial  séparation  of  the  re 
gions  obtained  experimentally  is  more 
strongly  than  the  theory  (formula  (1,)) 


predict.  The  case  of  the  consécutive  ob- 
servation of  the  three  régions  is  illus- 
tra ted  in  Fig.  Za,  where  the  time-space 


Fig.  2 
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rURBULENT  PLASMA  IN  THE  FIELD  CF  INTENSE  HIGH  FREQUENCY  RADIATION 


V,F,  Kovalev,  V.V.  Pustovalov,  A.B.  Romanov  and  V.  Stefan  . 

P.N.  Lebedev  Physical  Instïtute  of  Aaademy  of  Sciences  of  the  U.S.S.R.,  Mosoow,  U.S.S.R. 
Boris  Kidria  Institute  of  Nualear  Sciences,  Beograd  Yugoslavia. 


In  present-day  experimrnts  dealinq  with 
he  interaction  of  strong  electroinagnetic 
adiation  vith  plasma  high  energy  fluxes  of 
he  incident  radiation  are  in  use.  For  exa- 
ple,   in  the  optical  domain  of  frequencies 
he  energy  flux  reaches  the  value  of  10^^- 
0^^  W/cm^  /!/.   Alonq  with  this,  situations 
hen  strong  radiation  propagates  through 
he  plasma  with  high  level  of  turbulent  no- 
se  are  very  often  encountered   (plasma  fo- 
us /2,3/  or  ionospheric  plasma  /4/) .  In 
he  présence  of  the  pump  field  turbulent 
lasma  spectrum  is  affected  in  such  a  way 
hat  "failures"  appear  in  the  longwave  do- 
lain  when  the  wavelenth  is  of  the  order  of 
lectron  oscilation  amplitude  in  the  exter- 
al  field. 

For  the  desciption  of  the  homogeneous  i- 
otropic  plasma  interacting  with  the  exter- 
lal  radiation  E^(t)=E^sin  w^t  v/ith  the  fre- 
uency  w  much  higher  than  the  électron 
.angmuir  frequency  w^^^,  Vlasov  kinetic  equ- 
:tion,  in  the  form  of  the  hydrodynamical 
;ystem  /5/,  is  used,  onthe  base  of  v/hich  a 
lonlinear  dispersion  relation  for  the  co- 


elation  f unction  V=<.H'i,'Vi^  =  — l^^^  can 


bG 


Here  J    (x)   is  Bessel  function,  ^(^(ul^k  par- 

°  «  ,« 

tial  plasma  polarizability  of  oC  plasma 

component  and  and  Ci    first  and  second 

nonlinear  dielectric  permeability  of  oC 
plasma  component. 

In  équation  (1)  the  first  addendum  inclu- 
des  the  effect  of  high-f requency  field  E^(t) 
on  plasma  dielectric  permeability  ^qO^)  Z^'^/ 
the  change  of  nonlinear  interaction  of  pla- 
sma waves  in  the  présence  of  the  high-fre- 
queney  field  is  included  in  remaining  adde- 
nds . 

Let  us  consider  now  the  process  of  indu- 
ced  scatterinq  of  the  Langmuir  waves  on  par- 
ticles  in  the  external  field  E^(t)v;hen 
lO>î>tVTe|J»\<!Vrc,^^^^VVe    is  satisfied.  For 
th^e  spectral  density  of  oscillation  energy 
W(k)   the  followinq  équation  is  obtained 


In  a  magnetized  plasma,   the  turbulence 
of  the  oblique  Langmuir  waves,   excited,  for 
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with  velocities  ±'u,^,   paralel  to  magnetic 
field         is  characterized  by  stationary 
spectral  distribution  /4/  which  in  a  strong 
high-f requency  field  a=(kf^)>l  appeared  to 
be  modulated  over  the  frequency  with  the 
period  T^^n^U^.^UbX^^ 

Here  S(^cosô|)   describes  angle  distributions 

of  plasma  turbulent  noise  in  the  présence 
— » 

of  the  external  field  ^'^{t)  ,  The  characte- 
ristic  modulation  of  the  spectral  distribu- 
tion  ('>^J^(a))   connected  with  the  effective 
amplification  of  nonlinear  interaction  of 
waves  in  a  strong  high  frequency  field,  a- 
p-iears  in  the  form  of  kernel  modification 

Spectral  distribution   (3)   also  describes 
the  modulation  of  the  plasma  noise  in  the 
case  when  instabilities  arise  because  of 
the  présence  of  électron  beams  in  the  cu- 
rrent-carrying  plasma  with  velocity  Uj^  (ve- 
locity  of  a  beam  is  oriented  along  drift 
velocity"?,      ('uu^)>0.  The  angle  distribu- 
tion of  plasma  noise  in  that  case,  certain- 
ly,  has  other  form  /8/.  Let  us  note  that 
modulation  of  plasma  noise  by  high-f requen- 
cy external  field  appears  if  intensity  of 


xternal  field  is  strong  enough 


So,   in  the  above  case  of  current  carrying 
plasma  with  électron  beam  defined  by  para- 
meters  n^=10^^cm~-^,   n^/n^=10"^,  Uj^=4,2'10^ 
cm/s,  u=4-10^cm/s,  T^=T^=Tj^=l 00  keV  charac^ 
teristical  for  plasma  focus,  oscilations 
v;ith  wave  number 


with  wave  number  k~2  lo'^cm"'^  could  be  ex- 
cited.  Here  n^,^  -  particle  density  of  beam 
électrons,  n^  -  particle  density  of  curr- 
ent carrying  plasma  électrons,  T^  ^  tem- 
pérature of  électrons  (ions)  of  current 
carrying  plasma  and  température  of  bear 
électrons.  In  the  case  of  using  laser 
as  source  of  high-f requency  field,  necessi 
ry  value  of  energy  flux  is  q'v4 .  lO^'^W/cm^ , 
obtainable  in  présent  time  devices. 
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FT  MOTION  OF  CHARGED  PARTICLE  IN  RESONANCE  CONDITIONS 


V.P.  Milantiev  and  A.G  .  Miroshnikov. 

Patrice  Lumumba  University,  Moscou  W-302,  U.S.S.R. 
The  relatlvistlc  dynaraics  of  a  charged 
(article  iramersed  in  a  atrong  mngnetic 
'ielà  B^[z,i)  in  the  présence  of  H. F.  qunsi- 
lonochromatic  waves  is  considered  under 
lifferent  résonance  conditions.  A  slow 
ihflnp^ing  "wealc"  /1/  electric  field  ^cl^>^) 
s  assuraed.  The  H. F.  fi elds  nre  exDressed 

-*  -*  ^  ,  ;« 

.=  Z     l't^tds^^^s)  e'-^'  +  c.c.  _ 

iere  c.c.  represent  complex  conjugste. 
[uantities        »  -^s    are  assuraed  to  be 
low  changing  functions  of  coordinates 
nd  time.  Fast  changing  wave  phases 
re  defined  by  équations: 

■h  ère 

re  the  frequencies  and  wave  vectors  of 
he  quasiraonochromatic  waves  (1)  respec- 
ively.  The  particle  momentura  is  presen- 
ed  as  follows; 

p  =  Ip,  -  ip,{le'^' .le''')  (4) 

here   0o    -  cyclotron  rjhase  rotation, 
♦  =  4^^4î  ï"-f^  .  4  .4   -  "^ocal  unit 
èCtors  connected  to  the  field  Unes  of 
he  field;  P„    ,Pj_  -  longitudinal  and  the 
ransversal  raomentum  components  of  the 
article  relative  to  B>c, 
The  particle  motion  équation  in  the 
Lelds  Eo  ^         ,  ^-v  ,         i-s  expreseed 


Functions  Qj^  ^  fie,  have  the  fonn  of  Cl,^ 
with  coefficients  Cy  and  dj  respectively 
(/  =1 , . . . ,5).Explicit  f orras  of  the  coeffi- 
cients are  oraitted  here  (see  /3/). 


Considering  résonances  in  functions  Q  , 
A     it  is  necessary  to  separate  the 
"résonance"  phase  combination 

=  yi.e.  +  '■  •  ^  H/^Ôm  -  l^i^  9e) 

for  which  yiou):,  +  ■  ■ -h  HmI^m- ^   •  ''Hiere  are 
fixed  whole  nurabers  defined  by  équations 
(5-9).  Consequently  %    is  considered  to 
be  araong  the  slow  changing  variables 
satisfying  équation: 

Where       ^  ,  /  are 

Larraor  radius,  particle  dispTacement  in 
the  H. P.  field  and  the  characteristic 
scale  length  respectively  /5,^/.  Then 
averaging  /V  can  be  perforraed  over 


remaining  fast  phases  in  équations  (5-9). 
In  /3/  it  W8S  shown  that  for  the  case  of 
one  quasiraonochromatic  wave  in  the  Ist 
approximation  over  small  parameter  yVi 
the  résonance  phase  combinations  are: 

In  the  présent  paper,  with  a  set  of 
quasiraonochromatic  waves  (1 )  apart  f rom 
(l'I)  the  following  phase  combinations 
are  also  in  résonance; 

û,^9e    ,0.±9s±Ûe   ,  J19.  ±  9s  ±  (12) 
(s  ^  1).  In  higher  order  approximations 
more  complicated  résonances  are  possible. 

In  gênerai,  the  averaged  équations  have 
the  form: 


M^uy>t^  (13) 


^  ^M,  ^  Afi        t     ùy>  (/  (14) 

where  i^  =  ('^j^^/i];    ^     -  corresponding 
résonance  phase  combination. 

For  example,  in  the  case  of  résonance 
between  two  waves  (/- ,  vi<-Vp  ~zl  )  the 
following  équations  are  obtained: 


i2i  .  A. 


(15) 
(16) 
(17) 
(18) 


Coefficients  Hc    ,  >6.    ,  Mo    are  defi- 
ned  by  the  known  expressions  of  the  drift 
approximation  /I/.  Exact  f orras  of  the 
remaining  coefficients  are  very  comoli- 
cated.  The  équations  are  rauch  simnlfied 


(13,, 


in  semeparticular  cases.  Equations  (i 
give  the  possibllity  to  write  the  corresi 
ponding  drift  kinetic  équation  in  réso- 
nance conditions  /V. 
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ASIOPTICS  IN  ANISOTROPIC  AND  DISPERSIVE  MEDIA 


V.P.  Milantiev,  P.  Saikia. 

Patrïce  Lumwnba  University,  Mosoow  W-602  U.S. S. H. 

The  paper  deals  with  the  gênerai  the- 
r  of  wave  rackets  in  inhomo^eneous ,non- 
bationary,  anisotroT)ic  and  dispersive  me- 
La.Considering  the  second  order  geometr- 
;  optics  approximation, we  generalize  the 
Bontovich  parabolic  équation [lj and  obta- 
(i  the  energy  conservation  equation.lt 
as  "been  shown  that  the  final  expressions 
OT  thèse  équations  differ  for  différent 
rderings  of  the  field  variables  and  the 
arameters  of  the  média  and  dépend  on  how 
e  consider  the  inhomogeneity  and  nonsta- 
ionarity  in  the  material  équation. 
.    The  electromagnetic  field  équation 
or  an  arbitrary  nonmagnetic  médium  in 
he  absence  of  extemal  charges  and  curr- 


Cmt  cuti  Ei--=r  =  0 


(^) 


he  équation  of  energy  conservation  is 
erived  from  the  rel'ition: 
E|f +B#  =  -CV.[Ex6] 
:ere,we  consider  three  material  equ.^ -4] 

t 

md  express  the  field  vectors£  ,3  and  D 
Ln  the  form 

E(?.t|cx)=x;5(t,i,-^'  v<^5,  )e  +c.c.(6) 

There  ce. dénotes  the  complex  conjugation^ 
"^^-rapid  phases(eikonals) , amplitudes  ^- 


slowly  varying  functions  of , -fc  and, in 
gênerai, dépend  on  the  spatial  and  time 
derivatives  of  the  eikonal.Further, g  is 
supposed  to  dépend  only  on  the  first  spa- 
tial qnd  time  derivatives  of  the  eikonal 
that  represent  the  local  wave  vector 
and  the  local  f requency^j(4^i)of  the  quasi- 
monochromatic  wave  (6)  reapectively.Now 
we  use  the  géométrie  optics  approximation 

(7)    -i  (8) 

where  L=|E|^|^i|-^^  characteristic  leng- 
th  of  field  inhomogeneity,  ^^=1^1/1111  - 
the  corresponding  time  scale. 

Let  be  the  characteristic  va- 

riation lengths  of  the  dielectic  permeab- 
ility  tensor, local  frequency  and  the  loc- 
al wave  number  respectively.T^  ,"1^,  Tk  a^e 
the  corresponding  time  scales. 

Following  orderings  are  considered: 
;?,-T.,-T,^  77/-  (9) 

L.-L;U-'L,^;^;T,^n7L-7'.-7'//-  (10) 

2.    The  amplitude  §^|',t,'*i;i<s)=g  and  the  pol- 
arisation vector  e  =  ^;(e"e*=l) are  decompo- 
.sed  in  the  power  séries  of  the  small  para- 
meter    H"  .Defining 

o 
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we  findî(;f,tW5,ts)from  (5),  (5)  and  the  rel- 
ation 

In  the  zerofch  ordnr  anDrorimqtion  of 
the  perturbation  theoryjorderinga  (9)-(i1) 
and  eqs.  (3)-(5)  yield  the  well-known 
eikonal  équation  [|5]  . 

We  observe  that  for  (9),while  the  éq- 
uation for  ë    is  the  same,in  the  first 
order  ap-proximation  ,for  ail  matériel  éq- 
uations, it  differs  for  différent  msterial 
eqs.  in  the  second  order  approximation. 
In  the  first  case  we  get 

where       -group  velocity,    ^  -  damping 
coefficient  [2]]  -[4]  .  Now  onwards  index 
"s"  is  dropped. 

In  the  second  case, for  (5),we  obtain 
the  generalized  Leontovich  parabolic  équ- 
ation [^13  • 


I    O    .  y     •  \l  fi 


where  .M  _^     o       o  a.,,  w 

CL  »       ^*'^f''?aj^  ^ 

c  ,  C     being  the  hermitian  and  antiherm- 
itian  parts  of   6"    respective I7.  ^  ,  ^are 
the  group  velocity  and  damping  coefficient 
corresponding  to  the  change  of  wave  pola- 
risation. 

For  (A-),(5)  some  new  terms  appear  on 


the  right  hand  side  of  (1.5)  .Orderings 
(10), (11)  lead  to  more  complicated  équat- 
ions for        and  . 

5.    The  gênerai  expression  for  the  équat- 
ion of  enerecy  conservation, in  the  média 
with  materifil  équation  (3)  and  orderings 
(9),(lO),is  written  as         ^  ^ 

^-^  s  jjT.  T 

IV»  S  .  Q.  being  the  usual  energy  density, 
Pointing's  vector  and  the  energy  dissioa- 
tion  term  respectively,    S  ^  ^i. 

In  the  case  (11), the  energy  conserv- 
ation équation  can  be  obtained  only  if 
5  =  £"0.1^1116  i*or  (5),it  differs  from  (16) 
only  by  the  minus  sign  before  the  last 
two  terms  on  the  right  han^  side, for  (4) 
it  does  not  contain  the  terms  with  second 

K 

derivatives  of  6  . 

Thus,we  conclude  that  the  eouation  of 
energy  conservation  is  more  sensitive  to 
the  form  of  the  material  équation  than  to 
the  orderings. 
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A  theoretical  method  is  proposed 
for  predicting  the  properties  of  the  back- 
ward  propagating  cyclotron  harmonie  waves 
(CHW)    from  the  simple  dispersion  curve  for 
perpendicular  propagation.  This  method  is 
illustrated  for  the  frequency  range 
1  <  to/to^  <  2,  where  oj  and        are  respec- 
tively  the  wave  and  électron  cyclotron 
frequencies  and  is  applicable  for  any 
plasma  density  conditions. 

In  previous  expérimental  and  theo- 
retical study   (Lembêge,   1979) ,   it  was  pro- 
posed a  new  classification  of  properties 
of  CHVJ  both  in  the  propagation  and  détec- 
tion plane  respectively  described  by  the 
normalized  wave  vector  kp  and  the  distance 
vector  r* ;   p   is  the  électron  gyroradius . 
This  classification  is  based  on  the  déter- 
mination of  two  groups  of  values  i^/i^^ 
separated  by  a  certain  boundary  value 

(u)  ■  ) -,  .  Knowing  a  given  high  value  of 

cyl^    c'  1  ^  ^ 

(ou  /oj^)    ,  where  oj^  is  the  plasma  frequency, 
the  dispersion  curve  for  perpendicular 
propagation  can  be  numerically  determined 
(Stix,   1962)    ;  consequently  the  value 
(u/u)^)p     of  its  inflexion  point  P^^  can  be 
easily  known.  Then  it  was  shown  that  the 
value    ((^cyl^^c^  1  '^^^  ^®  quickly  defined 
from        by  the  numerical  relation 

(li)  ),   =   (co/oj  )       -  4,,  where  6,  is 

cyl'^    c'  1  c'  pj         I  '  1 

roughly  constant  for  dense  plasma  condi- 
tions and  equal  to  0.145.  This  point 

was  shown  to  présent  particular 
de  the  fre- 
quency range  1       '^/"^^       2  into  two  groups 
I  and  II. 

However,    it  can  be  shown  that 
although  the  classification  into  two  groups 
I  and  II  is  always  applicable  for  any 
plasma  conditions,   the  previous  principle 
of  détermination  of  the  boundary  value 


Figure   1    :  Theoretical  aurves  of  the  dispersion 
relation  in  the  perpendicular  propagation  for  an 
example  of  dense  plasma  (^-^Z^^)^  =  ^3.02  ;  the 
indexes  1  and  2  of  P  and  P^^^  refer  to  the  disper- 
sion branches  of  order  1  and  2  . 

other  plasma  densities.  This  is  due  to  the 
big  variation  of  6^  with  i^^/^^)  for  mean 
and  low  plasma  densities   (Figure  2)  . 


Figuye  2 


Theoretical  aurves  of  the  first  dis- 


persion branch  in  the  perpendicular  propagation 
for  (ui  A^/*^  varying  from  infinity  to  very  low 
values.  The  curve  (CYL)   (.-.-.)  joins  the  différent 
values  of  (i^^^^/i^J  ^ .  The  curve  (INFL)  (  )  joins 


the  locations  of  the  various  infle: 


i  points  Pj . 


/(ij  ),   cannot  be  simply  extended  to 


cyl^'^c'  1 
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Presently,   the  locations  of  ^^yj^  ^ 

are  determined  for  a  large  number  of  values 
2 

of  ("p/"^,)  from  very  low  to  infinité 
plasma  densities  (Figure  2)  ;  each  point 
^cyl  1  """^  numerically  defined  by  the  fre- 
quency  "/^^  for  which  the  low  damped  part 
AI  of  the  polar  curves  kp  has  almost  zéro 
curvature  with  respect  to  the  origin  O 
(Figure  3)    ;   in  this  case  AI  =  ^^^-^  """cyl* 


Figure  3   :  Sketch  of  the  three  kinds  of  polar 
curves  of  the  real  part  of  kp  inside  the  fvequenay 
range  1  <  to/oj^  <  2  (not  to  soale) . 

The  ensemble  of  the  points  ^ ^^-^  i 
détermines  a  curve   (CYL)   which  is  used  as 
a  référence  curve   ;   this  curve  divides  the 
plane   (oj/oj^   ;  Re   (k^v^j^/oi^)  )    into  two 
areas  I  and  II  characteristic  of  the  two 
groups  previously  defined   (Figure  4). 


The  présent  method  consists  of 
varying  the  ratio  .^/^^  represented  by  a 
straight  line   (L)   parallel.  to  the  axis 
Re   (^^j^'^ip^/'^c^  noting  where  the  line  (L) 

intersects  the  curve   (CYL) .  Three  différent 
frequencies  ranges  of  oj/oj^,    (a),    (b)  and 
(c)   can  be  defined.   It  is  shown  that  as  a 
function  of  the  ratio  w/to^,   the  number  of 
intersections  between   (L)   and   (CYL) ,  and 
various  ranges  of   (<^p/W(-.)^  can  be  also 
defined   ;   in  each  one  of  thèse  ranges,  the 
properties  of  CHW  can  be  easily  obtained 
using  the  characteristics  of  the  groups 
I  and  II.  This  method  is  shown  to  be  exten- 
ded  to  other  dispersion  branches  of  back- 
ward  propagating  CHW  for  perpendicular 
propagation . 

Références  :   -  Lembège   (1979),  Antenna 
radiation  pattern  of  cyclotron  harmonie 
waves  in  a  hot  magnetoplasma ,  Rad.  Science 
(to  be  published  in  May-June)  . 

-  Stix   (1962) ,  Theory  of 
Plasma  waves.  Me  Graw  Hill,  New  York. 


Figure  4   :  Représentation  of  the  three  characte- 
ristic frequency  ranges  (a),   (b)  and  (c)  of  w/w^ 
respeatively  defined  by  (2,  2.71),   (1.71,  1.57) 
and  (1.67,  1). 
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DRIFT-DISSIPATIVE  WAVES  AND  ENSUEING  STEADY  S7  ATE  OF  A  PLASMA  COLUMN 
M.P.  Evrard,  A.M.  Messiaen,  P.E.  Vandenplas  and  G.  Van  Oost. 

Laboratoire  de  Physique  des  Plasmas  -  Laboratorium  voor  Plasmafysioa,  Association  "EURATOM-Etat  belge" 
Assoaiatie  "  Euratom-Belgische  Staat",  Ecole  Royale  Militaire  -  1040  Brussels  -  Koninklijke  Mtlttatre 
School. 


1.  INTRODUCTION.     Spontaneous ly  excited  lovr-fre- 
quency  oscillations^  with  a  frequency  of  the  order 
o£  the  characteristic  drift  frequency  w    are  iden- 
tified  as  drif t-dissipative  waves^  and  are  respon- 
sible  for  the  anomalous  diffusion  observed  in  a 
weakly  ionized    hélium  plasma  colunm  produced  by 

a  helical  microwave  discharge  source  (see  Fig.  1). 
Plasma  parameters  are  :  density,  5  x  10^-8xlO^°cm-^; 
gas  pressure,  1-7x10"^  Torr  ;  électron  température 
T^,  3-15  eV  ;  ion  température  T^,  0.2-1.4  eV  ;  ma- 
gnetic  field  B^,  850-2200  Gs. 

2.  THEORY.     The  plasma  consists  of  hot  électrons 
and  hot  ions  in  the  présence  of  background  neutral 
partiales  and  is  described  by  means  of  the  linea- 
rized  two-fluid  équations  in  which  T      and  T^  are 
introduced  by  scalar  pressure  laws  and  in  which 
only  electron-neutral  and  ion-neutral  momentum 
transfer  collisions  are  included.  The  radial  tem- 
pérature inhomogeneity  is  negligible  with  respect 
to  the  density  inhomogeneity.  The  bounded  plasma 
problem  is  solved  in  the  actual  cylindrical  geome- 
try. 

The  static  fluid  model  is  characterized  by 
a  radial  Gaussian  equilibrium  density  profile, 
<N>(r)  =  <N>  e        ,  where  <N>  is  the  equilibrium 
density  on  the  column  axis.  Assuming  quasineutra- 
lity,  strong  field  approximation,  classical  ambi- 
polar  diffusion  and  symmetry  of  révolution,  one 
obtains  from  the  equilibrium  momentum  équations 
the  radial  component  of  the  static  electric  field, 
^or  "  (KT^/e<N>) (3<N>/3r) .  The  value  of  E^^  is 
experimentally  verified  and  found  to  be  negligible 
for  the  calculation  of  the  drift  wave  dispersion 
relation.  We  have  furthermore  checked  that  the 
additional  possible  static  effect  resulting  from 
the  drift  wave  induced  diffusion  does  not  modify 
the  aforesaid  value  of  E^^. 

Using  the  e  ^'^  perturbed  linearized  two- 
fluid  continuity  and  momentum  équations^  and  the 
Poisson  équation,  we  calculate  the  dispersion 


relation  for  the  drift  waves  in  the  quasistatic 

approximation.  A  first  calculation  which  does  not 

take  collisions  and  mean  particle  drift  velocities 

into  account  leads  to 
0)2.  2 

k2  =  -(1-  -SL)  (k2-  iH-)  +  2an  —  (D 
.2       "  v| 

where  kj|    is  the  wavenumber  parallel  to  B^,  is 
the  radial  wavenumber  and  n/r  the  azimuthal  one  ; 
0)^.  is  the  ion-cyclotron  frequency  and  Vg  is  the 
ion-acoustic  speed.  The  last  term  is  the  extra 
nonuniform  term  with  respect  to  the  dispersion  re- 
lation of  the  ion-acoustic  waves  in  the  uniform 
plasma  column*^'^.  This  dispersion  relation  provides 
an  approximate  value  of  kj_  and  when  k2v|/a)2^  <<  1, 
one  retrieves  the  standard  Kadomtsev  dispersion 
relation^. 

When  we  further  take  collisions  and  drift 
velocities  into  account,  we  then  obtain  a  disper- 
sion relation  which  can  be  written  as  a  polynomial 
of  the  sixth  degree  in  w  with  complex  coef  f  icents . 
Only  one  of  the  six  complex  roots  satisfies  the 
condition  for  drift  waves  :    |  w  |   <<  u  .   ,  Im  oj  >  o. 
The  behaviour  of  the  real  and  imaginary  parts  of 
this  root  is  plotted  as  a  function  of  k_^_  in  Fig.  2 
and  shows  the  existence  of  a  région  of  unstable 
modes.  The  maximum  of  the  imaginary  part  occurs  at 
a  kj_-value  which  is  in  good  agreement  with  the 
value  obtained  from  équation  (1)  when  one  inserts 
the  observed  most  strongly  excited  Re  w-value  of 
the  drift  wave  spectrum.  The  importance  of  taking 
the  diamagnetic  drift  velocity  of  the  ions  into 
account  is  very  pronounced.  Indeed,  the  neglect 
of  the  diamagnetism  of  the  ions  with  respect  to 
that  of  the  électrons  results  in  the  disappearance 
of  the    unstable  région  of  Fig.  2.  This  is 
demonstrated  in  Fig.  3  by  gradually  decreasing  the 
value  of  the  ion  diamagnetic  velocity  by  decreasing 
T.,  the  other  plasma  parameters  remaining  constant. 

The  steady  state  density  distribution  in  the 
plasma  column  is  calculated  from  the  diffusion 
équation  and  is  given  by  : 


C7-  618 


<N>(r,z)  =  V,(Pif)  exp  ("  ^  (2) 

where  is  the  1-the  root  of  the  Bessel  function 
J  ,  d  is  the  radius  of  the  métal  vacuum  chamber, 

and  are  the  anomalous  diffusion  coefficients 

the  values  of  which  are  considered  in  the  next 
section  and        is  a  constant  determined  by  means 
of  the  boundary  condition  at  z  =  o. 

3.  EXPERIMENTAL  RESULTS.  Several  measurement s  have 
been  carried  out  which  identify  spontaneously  exci- 
ted  waves  as  drif t-dissipative  waves.  The  observed 
waves  propagate  mainly  in  the  azimuthal  direction, 
in  the  same  sensé  as  the  électron  diamagnetic 
drift  velocity,  and  have  an  azimuthal  mode  number 

n  =  1.  The  value  of  kj_  derived  from  dispersion 
équation  (1)  is  corroborated  by  the  measurement 
of  the  radial  behaviour  of  the  wave  amplitude  (Fig. 
4).  Axially,  the  waves  have  a  wavelength  of  the 
order  of  the  length  of  the  plasma  column  and  they 
propagate  from  the  plasma  source  towards  the  end 
plate,  in  the  direction  of  B  .  Finally,  the  depen- 
dence  of  the  wave  frequency  on  T    is  in  agreement 
with  that  of  a  drift  wave.  The  anomalous  diffusion 
coefficient  Dj_  resulting  from  the  insertion  of  the 
expérimental  data  into  the  theoretical  formulae^ 
and  the  expérimental  value  of        lead  to  a  steady 
State  density  distribution  (équation  2)  of  the 
plasma  column  which  is  in  very  satisfactory 
agreement  with  the  measured  one.  The  observed 
anomalous  diffusion  and  the  ensueing  steady  state 
density  profile  in  the  plasma  column  are  therefore 
explained  by  means  of  the  observed  drift  waves. 
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Fig.l  -  Schematic  diagram  of  the  expérimental 
apparatus . 


Fig. 2  -  Theoretically 
computed  behaviour  of 
the  real  and  the  ima- 


Fig.4  -  Relative  radial  equilibrium  density  profi- 
le and  relative  axial  electric  field  amplitude  as 
a  function  of  radial  distance. 
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HIGH  FREQUENCY  OSCILLATIONS  AND  ELECTRON  BEAM  RELAXATION 
IN  HOMOGENEOUS  GAS-DISCHARGE  PLASMA 

L.L.  Pasechnik,  L.L  Romanyuk,  N.  Ye.  Svavil'ny. 

*  Institute  for  Nue  Lear  Research,  Ukrainian  Aeademy  of  Sciences,  Kiev,  U.S.S.R. 


The  account  of  différent  types  of  in- 
homogeneities  in  the  theoretical  considé- 
ration of  the  électron  beam  interaction 
with  plasma  and  wave  propagation  in  plas- 
ma allows  one  to  observe  a  number  of  some 
remarkable  phenomena  (oscillation  localiz- 
ation  and  accumulation  /1,2/,rapid  wave 
atténuation  /3/).An  example  of  the  beam- 
plasma  system,which  is  strongly  inhomoge- 
neous  by  a  number  of  parameters  is  the 
hot  cathode  Penning  discharge. The  présent 
report  deals  with  results  of  an  expérimen- 
tal study  of  the  high  frequency  oscillat- 
ions, or  iginating  in  the  plasma  of  this 
discharge  and  formation  of  électron  velo- 
city  distribution  function. 

Experiments  were  carried  out  on  an  de- 
vice  with  Penning  cell  (fig  la). The  dis- 
charge was  realized  in  a  stationary  sta- 
te  in  He  (in  âome  experiments  in  Ar)  at 
a  pressure  p=8 • lO'^fS • lO'^torr  in  a  homo- 
geneous  magnetic  field  B=0. 01-0. 04T. Para- 
meters of  the  beam-plasma  system  were  va- 
ried:plasma  density  n=8 •  1o''°r4 -10^ ""cm"^ , 
primary  électron  velocity  Vo=4.5*10®4. 
1 -lO^ cm- s""", ratio    of  beam  and  plasma 
density  ^*»5  •  10"'^f2  •  lO'^  ;the  plasma 
électron  température  Te=4-^8  eV.  The  con- 


trol  measurements  were  also  carried  out 
in  the  arc  discharge  plasma  at  the  same 
discharge  conditions  (in  this  case  élec- 
trode 6  was  the  anode.)  This  experiment 
showed  that  in  both  Penning  discharge 
plasma  and  arc  discharge  plasma  inside 
the  primary  électron  beam  intensive  oscil- 
lations are  générât ed  in  frequency  range 
g  fa40  MHzf7.5  GHz  whose 

characteristic  spect- 
rum  is  shown  in  fig  2. 
One  cein  see  that  the 
most  intensive  oscilla- 
tions are  conc entrât ed 
in  "low  frequency" 
Pig.  1  .Expérimental  device:  1 -cathode, 2-au- 
xiliaiy  cathode , 3-diaphragm, 4-anod , 5-HP 
probe, 6-reflector, 7-screen, 8-stationary 
analyzer,9-moving  amalyzer;b,o-depend en- 
ces:  l-Ujjp(Z)  2-Ujj(Z),3-n  (Z). 

(LP)  40r1000  MHz  and  "high  frequency" 
(HP)  2-r8  GHz  parts  of  the  spectrum. 

The  characteristic  features  of  the  ob- 
tained  oscillation  spectra  indicated  that 
in  the  studied  beam-plasma  system  flashes 
("radioimpulses")  of  the  HP  field  with 
(A)t^(jdQX^  générât ed,which  cause  the  plasma 
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potential  splashes  ("video  puises")  with 
the  mean  statistic  dviration  "Cs:  5  ns  and 
the  répétition  period  1^16*25  ns  /4/.The 
observed  rapid  selfmodulation  of  HP  field 
at  the  présent  experiments  is  possibly 
connected  with  the  peculiarity  of  wave 
génération  and  absorption  /3/  in  plasma, 

-,-  ^      which  is  inho- 
^      mogeneous  in 
density.The  re 
ason  for  the 
potential 

Pig. 2. Oscillation  spectrum.a-PIG  dischar- 
ge;b-part  of  spectrum  (a);c-arc  discharge. 

splashes  may  be  lack  of  compensation  of 
électron  space  charge, ari s ing  due  to  strie 
tion  force, because  of  the  ion  inertia. 

The  detailed  study  of  the  space  distri- 
bution of  the  oscillation  intensity  in 
both  discharges  types  showed  that  the  HP 
range  oscillation  are  always  localized  in 
the  inhomogeneous  density  plasma, ad Join- 
ing  to  cathode  (fig  1b,c,curves  I).The 
observed  characteristics  of  the  HP  field 
^^st~  coordinate  of  the  oscillati- 

on occurence,Z-is  the  half  width  of  the 
HP  field  existence  range  and      -is  the 
space  incrément), agrée  satisfactorily  with 
estimations  from  theory  of  the  électron 
beam  interaction  with  inhomogeneous  den- 
sity plasma  /2/  (see  Table  D.Localizati- 
on  of  the  LP  range  oscillation  is  deter- 
mined  by  the  HP  field  position  and  prima- 
ry  électron  beam  velocity  (fig  1b,c,cur- 
ves  2). 


According  to  /2/  in  the  HP  field  local- 
ization  zone  the  transformation  is  possib- 
le  of  the  excited  waves  in  Langmuir  ones 
with  the  subsiquent  intensive  absorption 
of  HP  power  by  plasma  électrons. Investiga- 
tion of  the  space  évolution  of  the  élect- 
ron distribution  function  showed  that  ac- 
tually  not  only  primary 
électron  beam  relaxatioi 
takes  place  in  the  HP 
2    field  localization  zone 
but  also  an  effective 

/ 

Pig. 3. Electron  distribution  function. a- 
PIG  discharge, 1-Z=9  mm,2-Z=17  mm,3-Z=32mm. 
b-1-PIG  discharge, 2-arc  discharge, Z=140mm, 
I^=0.3A,Vg^=150  V. 

heating  of  plasma  électrons  (fig  3a). Be- 

Table  I  ^ 

yond  the 

indicat- 

ed  zone 

the  ener- 

gy  elec- 

'  arc  dischaz^e  tron 
spectrum  practically  is  not  changed  and 
has  an  identical  form  in  both  discharges 
types  (fig  3b). 
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STABILITY  OF  THE  NONLINEAR  PERIODIC  WAVES  IN  PLASMA 

V.P.  Pavlenko  and  V.I.  Petviashvili. 

Instituts  for  Nualear  Research,  Kiev,  U.S.S.R. 


It  was  announced  in  paper  /V  about 
observing  of  chains  of  amplitude  modula- 
ted  nonlinear  Langmuir  waves  with  quasi 
periodic  space  structure  accompanied  by 
corresponding  density  pits.  Prom  this  we 
conclude  that  the  amplitude  modulation 
weakenes  considerably  instability  of  mo- 
nochromatic  Langmuir  wave.  Waves  like  the 
obeerved  ones  in  /  V  can  exist  also  in 
plasma  containing  devices  with  condition 
and  in  awroral  région  of  the  mag- 
nitosphere  where  they  are  responsible  for 
the  anomal ous  resistivity. 

Usually  the  problem  of  stability  of 
periodic  wave  relative  to  infinitly  small 
perturbations  is  reduced  to  finding  of 
eigenvalues  of  linear  différentiel  eq. 
with  periodical  coefficients.  In  preceed- 
ing  studies  thèse  perturbations  were  ex- 
pended  in  unadequate  system  of  basic  fun- 
ctions  that  sometimes  led  to  error.  In 
présent  paper  we  expand  the  perturbation 
in  intégral  over  quasiimpulses  on  Bloch 
functions  the  only  complète  basic  system 
for  eq.  with  periodic  dependence  of  pa- 
rameters  on  coordinats. 

Let  us  consider  the  nonlinear 
Shredinger  eq.(NSE).  The  stability  pro- 
blem of  periodic  solutions  of  this  eq. 


leads  to  the  following  dimensionless  eq 

.ère  L.-  i -  ,  U  '  '  . 

y    is  dimensionless  coordinate,  y  is 
wanted  incrément,   £  is  the  periodic  so- 
lution of  the  NSE  that  is  expressed  thro- 
ugh  elleptical  Jacoby  functions  C/l  or  o/rt 
In  dimensionalless  case 

^  dépends  only 
on  y   and  se    ,  where  3e  is  the  modulus  of 
elleptical  functions.  We  expand  over 
Bloch  functons  t    where  %  (x)=e"''li,  (y), 

is  the  main  wave  number  of  periodic- 
al wave  /  ^  .  Af ter  this  the  problem  is 
reduced  to  finding  of  eigenvalues  of  the 
infinité  matrix 

^_=[^^.^(-^;fct.^3i,-  (2) 


Where  ^jr/^ 

If  X   "iB  not  too  close  to  1  the  functi- 
ons J     and         decrease  with  sufficient 
rate  liith  growth  of  | /??  - /i  |.  Theref  ore  it 
is  possible  to  restrict  ourselves  with 
considération  of  finite  matrix  25*25.  We 
coneidered  this  matrix  in  the  région 
0.<  7L^4    0.999.  The  analieie  of  computed 
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data  reveals  the  existence  the  instability 
région.  The  dependence  of  maximal  incré- 
ment on  X    is  given  in  following  table 


Cru 

0.97  S 

0.995- 

0.9%  S 

0.995 

0.07S- 

0.05 

Y  n  ■ 

5.  9i- 

^0-^ 

^0'^ 

■  io~^ 

■  10'^ 

The  more  is  X   the  deeper  is  amplitude 
modulation.  The  according  variation  of 
energy  density  is  small.  We  see  that  the 
growth  of  amplitude  modulation  causes  de- 
creasing  of  instability  incrément  to  the 
value  which  makes  possible  the  existence 
of  wave  chains  observed  in  /I/.  Hôte  that 
the  known  resuit  on  instability  of  perio- 
dic  Langrauir  wave  corresponds  to  the  case 
7L  =0  /2/. 

The  similar  investigation  of  stability 
of  periodic  solutions  of  KdV  eq.  shows 
that  solutions  are  always  stable.  The  re- 
suit is  in  accordance  with  the  nonlinear 
considération  made  in  /3/  with  help  of 
the  method  of  the  reversed  problem  of 
scattering. 

The  KdV  eq.  generalized  for  two  dim- 
ensional  case  has  the  form  /4/ 

axL         dx    av^J  -  - 

The  one  dimensional  solutions  of  this  eq. 
are  expressed  through  Ctv'  ot  dn^ ,  Let  us 
consider  the  stability  of  thèse  solutions 
relative  to  two  dimensional  perturbati- 
ons of  the  form    0  ,     ,  '■''^i^  * 

Expanding  i^j        in  the  intégral  over 
Bloch  functions  after  some  transformati- 
ons we  get  the  matrix 


Diagonalisation  of  this  matrix  shows 
that  ail  solutions  are  stable  in  case  of 
négative  dispersion  (the  lower  sign  in 
rhs  of  eq  (3)).  If  the  dispersion  is  posl 
tive  ail  one  dimensional  solutions  are 
unstable.  The  dependence  of  maximal  inc- 
rément on  9?    is  given  in  following  table 


0.9S0 

0.  990 

0995 

2.  ^S-- 

2.0S- 
^0-' 

Note  that  when  ^^^0  or  for  big  the 
the  solutions  are  stable. 

The  considered  examples  illustrate 
the  proposed  method  for  solving  of  stabi- 
lity problem  of  periodic  solutions  of 
other  nonlinear  eqs.  including  the  solu- 
tions consisting  of  solitons. 

It  is  interesting  that  this  method 
gives  simple  way  of  getting  zonal  pictu- 
re  of  eigenfrequences  of  médium  in  pré- 
sence of  the  periodic  wave. 
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HC^^AK  DECAV  IMTERACTIC^S  POR  THE  INSTABn.,TV  OP  B^EMAN^ARLEV 
A.V.  Volosevich,  M.A.  Livshits  and  V.A.  Liperovsky 


During  the  magne tic  disturbances  the 
small-scale  irregularitiee  occur  in  the 
polar  and  equatorial  electrojet  along 
the  Earth's  magnetic  field  with  the  cross- 
dimensions  from  lu  cm  to  10  m.  Thèse  ir- 
regularities  are  r'-RDonsible  for  the  in- 
tense VHF  radio  wave  scattering  and  in 
the  absence  of  sharp  gradieats  arise  from 
the  Buneman-Parley  instability 

The  expérimental  studies  of  auroral 
and  equatorial  radar  echoes  revealed  the 
discrepances  between  linear  theory  and  ob- 
servations and  thus  posed  a  problem  of 
developing  nonlinear  theory. 

In  this  paper  we  analyse  one  possible 
nonlinear  process-Buneman-Farley  wave  de- 
'    cay  interaction.  When  the  amplitude  of 
unstable  waves  grows  to  some  level  thèse 
waves  intensively  interact  so  as  a  resuit 
of  the  interaction  a  nonlinear  flow  of 
spectral  energy  from  the  région  of  linear 
génération  to  the  damping  région  can  be 
significant. 

This  process  is  possible  if  the 
résonance  conditions        =         0)^  ,  = 
.  Ki  +  i<2.     are  fulfilled.  Taking  into  ac- 
count  the  law  of  Buneman-Farley  wave  dis- 
persion [3]  thèse  résonance  conditions 
for  the  decay  interaction  in  a  three-di- 
mensional  case  can  be  written  as: 


KCosH'S»nq'  =  Ki.Cas^iSiK)^i  +  k^Cos^^  S\n%  (2) 
K  Ca,V  Cbsf  =  Kl CoS%  CoS^i    KzCos%  Coi^i     ( 3 ) 

Here   ^    is  the  angle  between  wave  vec^or 
K     and  the  électrons  drift  velocity  iTo  . 
and     ^       is  the  angle  between  the  wave 
vector    ^  aiid 

the  plane  per- 
pendicular  to  the  magnetic  field. 

If  K^tj^-'l,  §Sita'^H>*l  then  the  équa- 
tions (1)  -  (4)  admit  the  decay  interac- 
tion of  the  Buneinan-Farley  waves  and  the 
above-mentioned  parameters  correspond  to 
the  following  équations: 

^J^-(H'Cosy+^)i\[t^+^'  Si/)/)  (  Cos (x-l-y-*-^)'  (5) 

For  two  dimensional  geometry  V    =  = 
=  ^2  =  0  using  the  équations  (5-6)  one 
can  draw  a  conclusion  that  the  decay  pro- 
cess for  the  small  angle  waves   %   and  ^2 
is  impossible.  Thus  the  studies  of  the 
résonance  conditions  with  small  but  not 
equal  zéro  angles  M'    ,    ^i.    ,    ^2  bring 
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about  the  conclusion  that  the  decay  pro- 
cess  is  possible  if  the  parameters  of  in- 
teracting  waves  correspond  to  certain 
équations.  In  particular  there  is  a  pos- 
sibility  for  the  decay  of  the  linear  grow- 
ing  wave  (  X>  0)  into  two  waves  one  of 
which  spreads  nearly  perpendicular  to  the 
electrojet.  A  set  of  quasi-fluids  équa- 
tions for  the  électron  and  ion,  équations 
of  electrodynamic  and  équations  of  conti- 
nuity  results  in  the  équations  describing 
the  decay  process  of  the  Buneman-Parley 
waves  if  the  wave  phase  is  fixed: 

9t  ~  ûK^i?  ="'-5nj?,ni?,  (7) 
^-)fK,nie;^-L5inen^.  (a) 


3F 


(9) 


where  the  expansion  of  électron  density 
takes  the  form: 

n(€,t)      C€,-t)exp{-L(i2Wt-Kî)}  dx 

here     Uù^(^)=JI(k)  +L)fî?  is  the  so- 

lution of  the  linear  dispersion  relation 
Si  lXi*C^))  =0,    "^j?  -growth  rate  and 
,  i   )  =      eXp()ftît)  is  the  slowly 
changing  amplitude  of  the  électron  densi- 
ty and    îli?,  8(K,-Kk,)^  Hi^- nn^SCt^z-K^j 

The  solution  of  the  équations  (7)-(9) 
détermines  the  periodical  transfer  from  ■ 
one  mode  to  the  modes  dj?,  ,  Hi^  .This 

process  will  continue  without  damping 

=  liiti  =  °'  However,  the  greatest 
interest  for  practical  purposes  is  the 
case  of  the  stationary  state.  As  seen 
from  Eqs.  (7)-(9)  the  stationary  state 
is  possible  with  the  decay  of  the  wave 
having  a  vector     K     into  the    waves  damp- 


ing in  the  linear  theory        ,  (  Xk^  <  ^, 
In  this  case  the  quasi-statio- 
nary  turbulence  level  is  determined  by: 

Taking  the  interacting  wave  parameters 
according  to  (6),  the  stationary  state 
is  determined  by: 

0^  [KiCoS^fï-KïCOiS;]  [KCosf -  KaCosH>]  (12) 
Taking  the  parameters  for  estimation:  ^«0 
%  .200,  W.,  =,  -68°p-^^.  0.68,^;~iff;jj^;, 

10      and  we  obtain.  Thus,  based  on  the 
estimâtes  one  can  draw  a  conclusion  that 
the  above-menshioned  process  is  quite 
effective  for    the  stabilization.  As  a 
resuit  of  the  stationary  state  the  wave 
electrostatic  turbulence  régions  can  be 
formed  with  the  directions  of  waves  are 
almost  perpendicular  to  magne  tic  field. 
The  given  estimâtes  correspond  to  expé- 
rimental observations  of  radio-echoes 
from  the  electrostatic  wave  turbulence 
régions. 
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The  strong  longitudinal  currents,  low 
frequency  electrostatic  waves  of  hip;h  le- 
vel  £lj    and  longitudinal  electric  fielde 
due  to  anomalous  résistance     2^     are  sys- 
tematically  observed  in  the  Earth  magne to- 
sphere  plasma.  So  it  is  intereeting  to  con- 
struct  even  though  rough  semiempiric  mo- 
dels  to  deacribe  the  stationary  régions 
of  the  wave  electrostatic  turbulence  which 
results  in  anomalous  résistance.  V/e  shall 
further  restrict  ourselves  to  the  one-di- 
mensional  model  of  the  fairly  wide  magne- 
tic  field  tube.  Let  the  electric  field  be 
aligned  in  a  positive  direction  of  Z  axis 
along  the  magne  tic  field  tube,  and  T^=1!^, 
Tj|^=T?  and  the  longitudinal  electric  field 
•  E  II    =  if  z  =  0.  The  équation  describ- 

ing  the  turbulent  heating  of  électrons  is 

The  équation  of  motion  is 

where    >)  *    is  the  collective  collision 
frequency,    lia     is  the  directional  velo- 
city.  If  the  condition  E  >  Eps  |5^~  — J^riL 

is  fulfilled,  then  the  Sagdeev  formula  is 
valid  for  current  in  the  electric  field 
in  the  homogeneous  plasma  stationary  re- 

The  current  alon^  the  map;netic  force  tube 


where    C^»  v/^e/l^    »  coefficient  V3  is 
due  to  the  pressure  gradient  in  the  équa- 
tion of  motion.  The  turbulent  heating  of 
électrons  and  ions  can  be  roughly  des- 
cribed  by  the  set  of  équations  aseuming 
that  the  turbulence  is  weak  and  the  di- 
rectional velocity  ^T. "  = '«iV;  = /TTTrnl 
and        n.  =  const.  : 

The  solution  of  this  System  with 
<»/9-»'l:f  ,"to=0-8?^ÏVT?takee  the  form: 

T./V  =  l-IU?/^ 

T;/Te''=  O.S-S 

E/E.  KT.VT.'jUH)-' 

Limiting  of  the  raagnetic  tube  lengthl, 

is  associated  with  the  condition  of  tiie 

ion  sound  existence,  for  example,  T^I^ôT^ 

and  T*  =  10^  ev,  Tj^=1eV,  n=10^  cm~^, 
e 

E  =  3*10"  v/m,  mj^  =  30  fflp,  the  length  of 
the  tube  of  the  field  aligned  current 
with  the  quasi-stationary  turbulence 
L'-1300  km. 

For  the  potential  drop  we  have 

that  is  equal'»-  380v  for  the  above  written 
parameters.  The  condition  of  validity  of 
the  Sacdeev  formula  E > E2  is  fulfilled 
for  the  given  example  in  the  upper  polar 


,\-V3 
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ionosphère  if  the  électron  température  are 
not  too  high  Tg<5-10-^  eV. 

The  other  possible  case  of  quasistatio- 
nary  régime  with  E^<E<E2.  w 

is  discussed  in  [4J  .  The  coefficient^^  ^ 
is  due  to  the  pressure  gradient. The  satu- 
ration mechanism  associated  with  the  non- 
linear  decav  process  S-^S'+S"  which  is 
feasible  when  the  wave  spectrum  corréla- 
tion broadeninA  is  taken  into  account.The 
équations  for  this  case  [€>]'. 

where  it  is  assumed  that  iT^*  =  iT-p.  -  ^To  /m^' 
and  n=nQ=const , can  be  solved  in  the  sta- 
tionary  case:     «.       3  * 

Thèse  solutions  are  true  with  oC?-  <i 
For  example. the  stationary  turbulence  can 
exist  for  z<150  km,  in  some  localized  ré- 
gion when  T*=5  keV,  E=3- lÔ%/ni.Por  fairly 
small  distances  oi.?  «  \  ,  T.  -  and  , 

electric  field  insignif icantly  vary  with 
the  distance.  V/hen  ol.^  =0.51,    "WT: 6, 
thus,   the  magne  tic  field  tube  length  does 
not  exceed  75  km  vàth  the  turbulent  ré- 
gime [_6^  . 

For  the  case  of  pxtemal  turbulization 
if  there  is  a  heat-removal,in  the  statio- 
nary case  we  can  find  the   j  (E,W).The  pro- 
blera  of  the  anomalous  résistance  due  to 
strong  ion-sound  turbulence  produced  by 
an  extemal  source  was  considered  in  [_5j  . 
The  solution  of  kinetic  équation  made  it 
possible  to  find  the  current  of  nonrun- 
away  électrons:  6^,        '^^=^'^1^  o 


The  carrent  is  Inde pendent  of  the  elect- 
ric field  if  E  <\/wTeCVTj;\  ^  <C 
From  this  expression  and  the  équation 
for  the  homogeneous  state 
l~^=lnr\U'0     one  can  obtain  the  collision 
effective  frequency  \\  _  \.^\^^       (  JoJk^'^ 

The  set  of  équation  deccribing  the  coor- 
dinate  dependence  of    K\,  ,  1^  »  E,  T^  in 
stationary  conditions:  l^'U^HoUo, 

^*MelaE(^;<),|l%-T,1Q.W.E-o 

does  not  have  solutions  if  n  =  const 

Analogously,  if  E< 
then =  e.  n     jli  ,  Aj  =  Consf    in  the  Ru- 
dakov-Korablev  régime  by  n=const  there 
are  no  solution. For  finding  f une tiens 
CCî  ),n(îr  ),'U(2  ),  \(-2  )  ^:iie  expéri- 
mental information  about  one  of  thèse 
functions  is  needed. 
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The  problem  of  the  ion-acoustic  turbu- 
lence-plasma interaction  has  long  been 
known.  We  shall  consider  the  case  of 
strong  ion-acoustic  turbulence. 


(1) 


In  this  case  the  wave-particle  colli- 
sion intégral  changes  significantly, 
that  is  physically  related  to  the  effect 
of  the  turbulent  résonance  broadening, 
which  is  deteiroinated  by  the  effective 
frequency  of  turbulent  collisions     "\)  gff 

,  The  problem  we  consider  is  not  self- 
consistent  in  the  sensé  that  the  wave  - 
particle  interactions  do  not  effect  the 
spectrum  and  the  wave  energy  density 
.W'/fvTg     ,  the  waves  being  generated  by 
external  sources. 

The  équation  for  the  distribution 
function  of  élections  in  the  electric 
field  with  the  known  ion-acoustic  turbu- 
lence takes  the  form: 

À  (v,M=     j  <  iT.r  s  (o-w)vd;  (3) 

The  first  term  in  the  right-hand  side 
in  (2)  describes  the  process  of  the  ela- 
stic  scattering  of  électrons.  The  term 
X(-Ç(V,Ô  ."t))  describes  the  weak  in- 


elastic  interactions  of  électrons  with  a 
strong  ion-acoustic  turbulence.  Thie  pro- 
cess dépends  on  the  ion-acoustic  wave 
spectrum         .  When  ion-acoustic  waves 
are  generated  in  a  narrow  région  of  wave 
numbers  near     K  =        and  when       <  tC^  ^ 
is  determinated  by  the  nonlinear  scatter- 
ing of  waves  on  ions  then  [2} 

1  i  (4) 

If     N/  >  V*  =         (WV^^T''  colli- 
sion intégral    X  (  |  (  V  ,  Q  ,  t  )  )  can  be 
obtained  via  the  expansion  into  a  séries 
of  exact  expressions  v;ith  the  parameter 

^^.^^AvW^i  [3]. 

If  E  =  0,  the  stationary  solutions 
of  (2)  are  isotropic  and  have  a  power 
character  [3^ 

Ct)=ct>^V~*'  (5) 

V    being  a  function  of  the  turbulent 
spectrum  width 

Table 

^   ^    5-    6    ?    8    9    ^0  li 


Y    \^  2,1  1.5  2,9  i,\  3,3  3,6  3,9 

If  EjtO,  m  the  strict  sensé  the  ex- 
act stationary  solutions  of  (2)  over  the 
whole  velocity  space  in  an  infinité  plas- 
ma do  not  exist;  when    V     is  high  there 
is  a  stream  of  runaway  électrons.  How- 


C7-  628 


ever,  we  can  aasume  that  in  the  weak 
field    E    and  if  the  velocities    V  are 
not  very  high  (the  appropriate  criterion 
is  given  below)  the  électron  distribution 
function  can  be  written  in  the  form 

|(v,6.t)=:4>(v,i)^^,(v,6,t)  (6) 
where  an  anisotropic  addition -Ç((  ,9,^)4 

«4(  V,t  )  is  caused  by  the  electric 
field. 

If  the  ion-acoustic  turbulence  is  iso- 
tropic  the  équation  for  the  isotropic 
part  of  the  distribution  function  ct>(v/,-b) 
is 


The  anisotiK)pic  addition  -f^  (^>®."t) 
is 

The  solution  of  (7)  can  be  found  by 
the  perturbation  method.  If     V  <<,V^^,  or 
the  electric  field    E    is  weak,  the  solu- 
tion takes  the  form 

c;>(v)=pv-^(ULv') 
 Mr(^-y)  

The  main  part  of  (10)  coincides  with 
(5)  end  describes  the  stationary  function 
of  the  électron  distribution  in  the  ab- 
sence of  an  electric  field.      )/    is  taken 
from  Table.  The  addition    Ly*  corresponds 
to  the  influence  of  the  electric  field. 

Û-K  are  the  coefficients  with   cl^^"^  in 
X(<4^)[3].  The  condition  Lv*«1    is  ful- 
filled  if  the  electric  field  is  rather 
weak 


liYriting  (11)  in  another  fom,  we  ob- 
tain,  that  the  solution  (10)  takes  place 
if  V    is  'small*      V*.  «  V  «  V^^ 

In  the  opposite  case  (the  conditions 
(11)  and  (12)  are  not  fulfilled)  the  so- 
lution takes  the  form 

'^^'^^"M^-  2k?  (2^ûa,-àOa,.  5a,-a,)]  (13) 

The  main  term  in  (13)  coincides  with 
the  'stationary'  spectrum  of  [4]  . 

The  condition  of  validity  of  solutions 
(10)  and  (13)  «<P(V)  is 

broken  down  at  high  velocities,  when  the 
first  term  under  the  intégral  in  (9)  has 
a  prédominant  rôle.  Comparison  with 
(  V  )  results  in 

Thèse  results  can  be  used  for  the  esti- 
mation of  the  current  density  in  the  tur- 
bulized  plasma  and  are  important  for  the 
anomalous  résistance  problem. 
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The  paper  io  devoted  to  the  analysia 
of  modulational  instability  of  Langmuir 
oscillations  exited  near  plasma  résonan- 
ce région  by  the  field  of  an  electromag- 
netic  wave,  A  detailed  substantiation  of 
qufisi-static  approximation  équations  used 
for  niamerical  study  of  a  Langmuir  turbulen- 
ce is  presented. 

Using  thèse  équations  the  one-dimen- 
Bional  Langmuir  turbulence  in  the  elect- 
ric  field  with  the  given  solenoidal  com- 
ponent  is  numerically  calculated. 
1,      To  describe  the  interaction  between 
an  electromagnetic  wave  and  plasma  oscil- 
lations in  an  nonisothermal  plasma (Tg  »Tl  ) 
near  plasma  resonemce  (aj-(i)p|«  ùJp  we  shall 
use  a  set  of  équations  (averaged  over  the 
field  period)  for      slow  amplitude  of  the 
electric  field  E=  E  (nije^^^-and  small  élect- 
ron density  perturbution  n=6n/No 

.2i3Î4rotrotr.^-iwivr.2.r-nr=0,  <^ ' 
0)  3t    u)  mur 


-An  =A-rT- 
t  tp 


(2) 


H«re   £0  =  i  -  Uip/cô    is    the  linear  plas 
permittivity,       No  As  the  unperturbed 
tron  density,   iTs  =  C^çM)!^        ^«  i 


lasma 
eleo- 

ion 

Sound  velocity,'"*Ecr  =  HfejtNTp)^''i8  the  cha- 
racteristic  field  of  nonlineeù?  effects. 

In  order  the  équations  to  be  simpli- 
field  we  shall  use  the  existence  of  two 
essentialy  différent  spatial  scales  in 
the  problem:  the  electromagnetic  wave 
lenght  %^  and  plasma  oscillation  scale 


(3) 


It  is  seen  from  (5)  that  solenoidal  and 
potential  oscillations  are  coupled  due 
to  inhomogeneous  density  perturbations. 
Therefore  a  solenoidal  part  of  the  fi- 
eld should  also  have  a  emall-scale  com- 
ponent.  The  amplitude  of  this  component 
Es~  is  not  difficult  to  be  evaluated 
using  (5) 

^-'Iy^pI  iB  the  basic  parameter 

which  permits  to  use  the  so-called  qua- 
si-static  approximation.  According  to 
this  approximation  the  Langmuir  oscil- 
lations distribution  may  be  founi  if  the 
solenoidal  (electromagnetic)  field  com- 
ponent is_jiS8umed  to  be  known,  The  équa- 
tion for       may  be  derived  by  subsé- 
quent averaging  of  the  obtained  solution 
over  small  scale  oscillations. 

If  it  is  assumed  that  just  the  one- 
-dimensional  plasma  oscillations  are  ex- 
cited  the  problem  is  simplifed  most  es- 
sentially.  Under  this  assvunption  for 
plasma  oscillations  we  have  an  équation 

-..  c  — 
where  the  displacement  D  =  — irOtrOt  E 
is  given.  W 

Averaging  of  the  obtained  solution 
over  a  small  scale  enables  us  to  intro- 
duce  the  effective  permittivity  (see  [il  , 
(2]  ) 


Since  amall-scale  plasma  oscillations 
are  almost  potential  and  the  electromagne- 
tic wave  is  almost  of  solenoidal  charac- 
ter,  it  is  possible  to  represent  the  full 
field  as  a  sum  of  solenoidal  and  potential 
component s: 

r=E;  +  E"p,dLvrs  =  0,rot  e;=0._  (4) 

Sufestituting  (4)  in  Eq.(1)  for    E,  and 

bp  we  obtain  the  following  set  bf  équa- 
tions: 


—rotH^-^Sorot  Ej-^rotrotrot  e;  -  rotfnrXvnEp)  ^ 


£eff  =  <eo-n)r>/<  E>, 


(8) 


which  defines  the  mean  solenoidal  field 
by  the  équation 


In  a  number  of  papers  (see,  for  example, 
[3-5]  )  the  problem  of  exitation  of  one- 
-dimensional  Langmuir  oscillations  was 
solved  within  the  given  full  mean  elect- 
ric field  (rather  than  its  solenoidal 
component)  approximation.  In  our  opini- 
on such  a  formulation  is  more  adéquate 
to  the  case  of  exicitation  of  Langmuir 
oscillations  due  to  stream  instabiliti- 


magnetic  wave. 

2.  Let  us  analyse  in  brief  the  results 
of  numerical  study  of  an  one-dimensional 
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Langmuir  tvirbulence  in  the  em  wave  field. 
The  corresponding  équation  may  be  writtm 
in  dimeneionless  form  as 


-2i 


ât  ôx 


(10) 


iriiere    D  s  const. 

We  use  periodic  boundary  conditions  and 
initial  conditions  vmder  urtiich  the  modu- 
lational  instability  should  be  realized, 
Nvunerical  studies  show  that  at  the  initi- 
al stage  the  uniform  electric  field 
(Pig.1)  increases  primarily  up  to  the  va- 
lue exceeding  the  steady-state  one 

Eo  >  D In  this  case  the  system  goes 
out  of  résonance  with  the  pump  due  to  the 
nonlinear  frequency  shift  ~  Ef   .  The  next 
stage  of  this  process  without  the  dissi- 
pation is  similar  to  the  case  of  modula- 
tional  instability  of  free  Langmuir  oscil- 
lations  [6,7]:  the  small  scale  compo- 
nent  of  the  electric  field  increases  and 
a  soliton  structiire  forms  without  the 
change  in  the  full  energy  of  the  electric 
field  (Pig.2).  As  in  [6,  7]  the  electric 
field  distribution  is  represented  as  a 
succession  of  equidistant  solitons  with 
essentially  différent  amplitudes,  the  dis- 
tanse  between  solitons  corresponding  to 
the  optimal  scale  of  modulational  insta- 
bility, Despite  the  soliton  amplitude  pul- 
sations the  full  energy  of  plasma  oscilla- 
tions is  almost  constant,  The  time-avera- 
ged  spectra  of  Langmuir  turbulence  rea- 
lizing  in  our  calculations  appear  to  be 
exponential  (Pig,3)»  The  dependence  of 
the  relaxation  time  versus  the  displace- 
ment I)    shown  in  Pig.4  is  well  approximated 
by     T""  . 

Note  that  the  above  considered  pro- 
cess of  modulational  instability  différa 
from  that  resulted  from  calculations  with 
the  given  mean  electric  field  [3-5]  where 
the  atationary  state  did  not  exist  if  the 
dissipation  waa  neglected:  the  system  ca- 
me to  the  quasi-stationary  state  only  when 
the  dissipation  in  small  scales  is  consi- 
dérable» 


yy  1 

(  ^ — K 

3-1-15 

Références 

1.  A.G.Litvak,  V,A.Mironov,  G.M.Fraiman, 
ZhETP  Letters,  22,  368  (1975) 

2.  A.G.Litvak,  A.M.Peigin,  V.A.Mironov, 

Report  of  this  Conférence 

3.  G.J.Morales,  Y.C.Lee,  R.B.White,  Phys. 
Rev.Lett.,  22,  457  (1974) 

4.  A.A.Galeev,  R.Z.Sagdeev,  V.D.Shapiro, 
V.I.Shevchenko,  ZhETP,  22.  1352  (1977) 

5.  B,A.Al'terkop,  A.S.Volokitin,  V.P.Ta- 
rakanov,  Pizika  Plasmy,  2.  59  (1977) 

6.  A.G.Litvak,  V. Yu.Trakhtengerts,  T.I. 
Pedoseeva,  G.M.Fraiman,  ZhETP  Letters, 
20,  544  (1974) 

7.  N.R.Pereira,  R.N.Sudan,  The  Phys.  of 
Pluids,  20,  271  (1977). 


roURNAL  DE  PHYSIQUE 


Colloque  C7,  supplément  au  n°7.  Tome  40,  Juillet  1979,  page  C7-  631 


rHE  INSTABILITY  OF  ONÈ-DIMENSIONAL  LANGMUIR  WAVE.  SOLITONS  AND  COLLAPSE 

N.S.  Buchelnikova  and  E.P.  Matochkin. 

Institute  of  Nualear  Physias,  Novosibirsk,  U.S.S.R. 


The  numerical  experiment  was  made  to 
investigate  the  instability  of  onedimen  - 
Bional  standing  Langmuir  waves  with  amp- 
litudes       =    -^S— >:?(K-or<i) 

and  phase 

velocities  ^pJi/yr^^-pv' 1  in  the  cases  when 
plasma  électron  nonlinearity  is  negligib- 
ly  small. 

Case  1.    Wo  =  4'10" 
^0^1^^  =  100,  In  this  case  the  modulatio  ■ 


nal  instability  leads  to  the  formation  of 
two  density  cavities  and  to  the  concen  - 
tration  of  the  electric  field  in  them. 
After  some  time  practically  ail  the  field 
energy  is  concentrated  in  the  cavities 
(Pig.  1-1,  dotted  line  -  the  initial  dis- 
tribution). This  structure  is  stable  du- 
ring  a  long  time  (Pig.  5»^).  The  change 
of  electric  field  distribution /T/^^ du- 
ring  plasma  period  can  be  described 

by  the  formula  for  standing  soliton  simi- 
lar  to  that  for  Langmuir  soliton  /I/: 


STJhl-  ' 

Both  curves  are  shovm  on  Pig.  2  (dotted 
line  -  formula).  The  width  AX  Bt  the 
level  ,  the  density  perturbation 

in  the  cavity  ^/^o  are  equal  to  those  of 
a  soliton:  I^m,  =  6*10"^;  ^/^o  =  3'10"^  = 


=  0,5  lA/An  ;  ^y^^=  27;   ^X^^  =  0,27. 
So  the  modulational  instability  in  this 
case  leads  to  the  formation  of  quasistab- 
le  standing  solitons. 

Case  2.   Wo  =  1,6;   ^P^V^     =  16; 
\o/y^    -  100.  In  this  case  with  higher 
initial  amplitude  the  modulational  insta- 
bility also  leads  to  electric  field  con- 
centration in  the  cavities  (Pig.  2)  and 
to  the  formation  of  solitonlike  structure 
(Pig.  1-2).  B  L^;t)    during  plasma  period 
changes  like  that  of  a  standing  soliton, 
but  the  parameters  are  nonequilibrium: 
tVm  is  higher  and  is  less  than 

those  of  a  soliton.  So  the  ponderomotive 
force  must  lead  to  the  further  deepening 
of  the  cavity.  Really  this  structure  is 
unstable  and  continues  to  contract  up  to 
the  beginning  of  the  damping  (Pig.  5).  At 
^y^Tog  ~  12  the  maximum  energy  density 
K4n  =  3,9;  ^/^o  =  0,3;   ^Vr^  =  18; 
^X/^^  =  0,18.  The  damping  is  due  to  the 
trapping  and  accélération  of  plasma  élec- 
trons by  the  short  wavelength  modes  with 
low  phase  velocities.  It  leads  to  the 
full  absorption  of  the  field  energy.  Af- 
ter the  field  absorption  the  cavity  depth 
continue  to  increase  due  to  ion  inertia 
(Pig.  4).     After  1-2  ion  plasma  periods 
the  shock  waves  fonne  on  the  cavity  edges 
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and  the  cavity  collapses. 

So  in  this  case  we  observe  the  pro- 
cess  of  collapse  /2,3/. 

Case  3.   Wo  =  1,6;    ^p^> /Uy  =  ■^S; 
^oj^^  =  300.  In  this  case  ^nd  ^P^» 

are  higher  than  those  in  the  case  2  and 
we  can  expect  that  the  damping  must  begin 
much  later.  Really  the  contraction  of  the 
solitonlike  structure  in  this  case  conti- 
nues for  a  longer  time  up  to  ^/7"oe~ 
(Pig.  5)  and  leads  to  the  higher  energy 
concentration  and  lokalization  than  in  the 
case  2  (Pig.  1-3).  In  this  case  the  maxi- 
mum energy  density    Vj  ^    =  8,8;  ^/in^-  0,5; 

16,5;  ^VAo  =  Of055*  damping 
like  the  case  2  leads  to  the  absorption  of 
the  field  energy. 

So  the  modulational  instability  of 
onedimensional  Langmuir  wave  leads  to  the 
formation  of  solitons  if  wave  amplitude 
is  low  enough  Wo  ;^  5»10~''.  In  other  case 
collapse  process  takes  place  -  the  loka  - 
lization  of  electric  field  energy  in  the 
density  cavities,  the  contraction  of  the 
cavities  and  increase  of  the  energy  den- 
sity up  to  the  beginning  of  the  damping, 
leading  to  the  full  absorption  of  elect- 
ric field  energy  by  plasma  électrons. 


1U 
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N.S.  Buchelnikova  and  E.P.  Matochkin. 

Institute  of  Nualear  Physias,  Novosibirsk,  U.S.S.R. 


The  numerical  expe riment  wae  made  to 
nvestigate  the  instability  of  onedimen  - 
lional  rurming  Langmulr    waves  with  high 


mplitudes  Wo 


2-ninT 


(.Ko  rd)  and  phase 

elocities  Vpl,/^  ^7  1      :    Wo  0,5-10^ 

Vpy^^=  16);  yf\/Vr^  5-48  (  Wo   =  1,6). 

The  increase  of  Wo   and  de créa se  of 

/pV,  in  such  range  leads  to  the  increase  of 

ilasma  électron  nonlinearity  from  the  li- 

ear  case  up  to  the  case  of  électron  trap- 

ing.  The  linear  case  and  the  case  of 

mail  nonlinearity  were  investigated  ear- 

ier  To  characterize  the  nonlinearl- 

y  the  parameters  «A  =  and 

1  /  Vi>t,~Vr 

^  —  vA/o  [>^o  ^d)  were  used.  Electron  nonli- 

earity  shows  itself  in  the  increase  of 
he  perturbed  électron  velocity,  in  the 
iharpening  of  électron  density  perturba- 
ion  and  in  the  steepening  of  ^ f^),  It 
fas  shown  that  électron  nonlinearity  be  - 
lomes  essential  ifc/  :^  0,4         ^  10"^). 
'he  limiting  case  of  high  électron  nonli- 
learity  is  the  trapping  of  plasma  elect- 
'one  by  the  wave.  The  trapping  becomes 
iseential  if  o<  ;^  1,3  (°^':?^  5-10~^). 

The  information  about  niunerical  ex- 
leriments  with  différent  amplitude  waves 
.8  given  in  the  table  1  and  Pig.  1 . 
/l/        1>1      1«2      1-3      1-4    1-5  1-6 
o(        0,46    0,71    1,17    1,33  1,57  2,10 


Wo      0,3      1,6      11      18        36  115 

-  -  -      0,1      4,6  20 

lA/ttiâx    2,5      6,2      18,4  22,7 
W,r,4./n,,  8  3,9        1,7     1,2  - 

im^y/j-^^^?        17         4,5    4,5  - 

In  cases  1-1  -  1-4  in  agreement  with 
/1/  the  modulational  instability  with  the 
length  of  perturbation  ^      o  develops 
and  leads  to  the  formation  and  contrac  - 
tion  of  the  density  cavity  and  to  the  con- 
centration of  the  electric  field  in  it, 
so  that  energy  density  Wt^)  =  increa- 
ses  (Pig.  1).  In  spectral  description 
this  process  shows  itself  in  the  excita  - 
tion  of  more  and  more  short  wavelength 
modes  with  decreasing  phase  velocities. 

When  the  density  perturbation  beco  - 
mes  high  (  ;^  10~^-10"''  )  the  conver  - 
sion  process  ±f>/C^-*  Kç{  ^  =1 ,2. , . ,  A'ç  , 
-  wave  vectors)  becomes  essential  and 
leads  to  the  excitation  of  more  and  more 
short  wavelength  direct  and  backward  modea 

The  damping  of  the  electric  field 
begins  when  the  modes  with  phase  veloci- 
ties low  enough  to  trap  plasma  électrons 
are  excited.  The  trapping  and  accéléra- 
tion of  électrons  leads  to  the  full  ab  - 
sorption  of  electric  field  energy.  The 
increase  of,  initial  wave  amplitude  leads 
to  the  increase  of  perturbed  électron 
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velocity  and  of  the  addition  to  it  due  to 
the  électron  nonlinearity  so  that  modes 
with  higher  VpV,     begin  to  trap  électrons 
and  the  damping  starts  earlier  (Pig.  1, 
h  mai.        "tii®  table).  Due  to  the  crossing 
of  the  modes'  trapping  régions  the  élec- 
trons are  accelerated  up  to  high  veloci- 
ties  (in  the  cases  1-5,  '^-^  up  to    V  ~ 
VpU+Vir  of  the  initial  wave,  Vj.^  =2.'{^ 
and  forme  the  tail  on  the  velocity  dist- 
ribution function. 

If  initial  wave  amplitude  is  high 
enough,  so  that       ^  "the  trapping  of 

électrons  by  the  initial  wave  becomes  es- 
sentiel. If  <^  ~  1,5  and  the  part  of  élec- 
trons ^''^otrapped  during  first  plasma 
period    Toe  is  small  (case  1-^)  the  de  - 
crease  of  Wnv  due  to  the  trapping  and 
increase  of  it  due  to  the  instability  are 
of  the  same  order  (Pig.  1).  If  oi.   and  ^ 
increase  the  trapping  becomes  the  main 
process  (cases  1-5,  1-6).  The  damping 
rate  in  thèse  cases  is  many  orders  high- 
er than  Landau  damping  rate.  In  ail  thèse 
cases  the  conversion  also  plays  rôle  lea- 
ding  to  the  full  damping  of  the  electric 
field. 

The  information  about  numerical  ex- 
periments  with  différent  phase  velocities 
is  given  in  the  table  2 
A/        2-1       2-2      2-5      2-4      2-5  2-6 
<^         0,59    0,71    0,96    1,16    1,62  2,10.^ 
V'pVVt     48        16        9,4      6,9      4,2  2,96 
\A/may    10,4    6,2      2,4      2  -  - 

^-'^^/wo  5.9      1,5      1,5        -  - 

^--/r.e  5^'^  -       -  - 

The  comparison  of  numerical  experiments 


with  différent  Wo  or  VpK  shows  that  the 
main  processes  are  the  same.  The  character 
of  phenomena  dépends  on  the  parameter  - 
-  in  the  cases  of  différent         and.  VpU  but 
equal  the  main  features  of  the  insta- 

bility and  damping  (including  the  curves 
^'•^.(t)  )  are  similar.  The  increase  of 

Wo 

parameter   câ    leads  to  the  earlier  damping 
of  the  electric  field  (Pig.  1).  So  the 
main  processes  of  the  Langmuir  wave  insta- 
bility and  damping  are  modulational  insta- 
bility,  conversion  on  density  perturba  - 
tions  and  trapping  of  électrons  by  the 
initial  wave  or  its  modes.  The  électron 
nonlinearity  does'nt  influence  the  insta- 
bility development  (in  agreement  with 
theoretical  results  /2/)  until  the  trap- 
ping by  the  initial  wave  becomes  essenti- 
al.  The  électron  nonlinearity  plays  rôle 
for  damping  because  it  leads  to  the  per- 
turbed  électron  velocity  increase. 

1.  H.S.Buchelnikova,  E. P.Matochkin  "Phe- 
nomena in  lonized  Gases",  v.  II,  p. 851, 
1977,  Berlin.  "Waves  and  Instabilities  in 
Plasmas",  p.  71,  1977,  Palaiseau. 

2.  E. A.Kuznetsov  Sov.  J.  Plasma  Phys.  2, 
527,  1976. 
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1,  It  is  well  knovm  that  the  features 
of  interaction  between  strong  electromag- 
netic  waves  and  a  high  density  collision- 
les8  plasma  is  associated  with  modulatio- 
nal  instability  of  Langmuir  oscillations 
and  further  formation  of  Langmuir  soli- 
tons.  In  most  of  papers  the  dynamics  of 
plasma  modulation  is  investigated  in  or- 
der  to  détermine  the  anomalous  absorpti- 
on characterized  bv  the  effective  colli- 
sional  frequency    V.^f  Ttie  other  séquen- 
ce is  a  change  of  tne  refractive  index 
(or  the  real  part  of  the  permittivity) 

of  an  electromagnetic  wave  produced  by 
such  a  small-scale  structure.  Thèse 
effects  give  rise  to  an  essential  change 
of  the  field  distribution  and  apparently 
alter  the  energy  absorption  in  plasma, 
The  purpose  of  the  présent  report  is  to 
consider  the  electromagnetic  wave  penetrar- 
tion  into  a  supercritial  plasma  for  the 
case  of  the  nonlinear  changing  of  the 
refractive  index, 

The  paper  deals  with  a  stationary 
self«ction  of  a  TEM-wave  in  the  initially 
homogeneous  layer  of  a  supercritial  plas- 
ma, The  field  distribution  in  a  layer  and 
the  dependence  of  the  transmission  coeffi- 
cient on  the  amplitude  of  an  incident  wa- 
ve have  been  found, 

2.  Let  us  consider  the  normal  incidence 
of  a  plane  monochromatic  wave  upon  a 
plasma  layer  with  permittivity  £oCZ.) 

It  has  frequency     Où       close  to  plasma 
frequency (jùp.  In  the  linear  approximation 
a  wave  is  reflected  from  the  région 

Eo (2) <  0      •  In  the  nonlinear  case  the 
field  can  penetrate  deep  into  the  super- 
critical  plasma,  Then  the  complète  elect- 
ric  field   E  =  E(X.2,t)To  is  a  super- 

position of  the  fields  of  an  electromag- 
netic (vortex)  and  plasma  (potentiel) 
waves,  They  have  appreciably  différent 
space  scales,  This  permits  to  make  use  of 
the  averaging  approach  and  solve  the  prcb- 
lem  by  two  stages,  Pirst  we  shall  seek 
the  stationary  distribution  of  plasma  wa- 
ves of  the  cross  section  z^const  excited 
(in  the  quasi-static  approximation)  by 
the  given  electric  displacement 

L=-kQ-|p-=COnst-  This  distribution  is 
described  by  the  équation  for  a  slowly  va- 
rying  amplitude  of  the  electric  field 


(1) 


3i' 

Then,  averaging  (1)  over  the  potential 
wave  scale  we  have  the  équation  which  das- 
cribes  self-action  of  the  mean  (small- 


-space  average)  fieldofapump  wave  in  a 
médium  characterized  by  the  efficacious 
actual  permittivity  Ç, 

||-?=C  =  con5t 

m  E,=.  (l)-(3)  ''^.^)=^S"uF..  

are  slowly  varying  amplitude  and  phase  of 
a  wave,  respectively,  c=i-f^  c 

The  line  means  the  spécial  averaging  of 
stationary  field  distribution  in  the  crœs- 
aection  ^  sconst.  To  find  an  exact  value 
of    6  ef f  =  d  /â     f  one  should  solve  the  non- 
stationary  problem,  We  should  turn  here  to 
numerical  calculations,  Though  the  necea- 
aary  detailed  investigation  was  not  made, 
numerical  study  in  [2,3]  show  that  the  re- 
sult  of  the  modulational  instability  deve- 
lopment  is  formation  of  a  chain  of  soli- 
tons.  We  may  naturally  expect  that  in  the 
stationary  case  the  distance  between  soli- 
tons  coïncides  with  a  scale  of  the  most 
rapidly  growing  perturbation  in  the  linea- 
rized  problem,  So,  in    [l]  the  stratifica- 
tion scale  was  assumed  to  be  the  same  ail 
over  the  instability  région  and  is  deter- 
mined  by  the  maximum  value  of  the  field  at 
the  initial  moment  of  time  (teO),  Estima- 
tions of  the  transparence  parameters  (pé- 
nétration time  and  the  threshold  field  va- 
lue) obtained  in  this  case  describe  rather 
well  the  expérimental  data   [4,5]  and  some 
dependencies    [61  In  the  other  approxima- 
tion to  the  truth  considered  in  this  paper 
the  local  relation  between  the  stratifi- 
cation scale  and  the  electric  displacement 
is  assumed,  This  approach  in  contrast  to 
that  used  in    y]    permits  to  solve  a  self- 
consistent  problem  of  pénétration  of  an 
electromagnetic  wave  into  a  high  density 
plasma  in  the  gênerai  case  taking  account 
of  reflection,  The  efficacious  permittivi- 
ty in  such  a  model  is  defined  as 

 (4) 


Csl^n d)Ji:i/3i/(2dT-|&l  -^if^ 


At  d<dmod  (daod=|6l'^Vl/I  is  the  threshold 
value  of  displaccment  for  modulational  in- 
stability development)  stratification  does 
not  occur  and  geff  is  equal  to  the  unper- 
turbed  linear  value  Seff (d  ^  dmod)- 6 
It  follows  from  (4)  that  in  the  given  ap- 
proximation the  transparence  of  the  initi- 
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ally  homogeneouB  oupercritical  plasma  ta- 
kes  place  wdien 

Por  d  <  dth        tlie  stratification  of  plaa- 
ma  is  insignificant  for  its  transparence, 
and  the  plasma  remains  supercritical. 
With  the  following  decrease  of  d  6eff 
grows  in  modulus  and  achieves  the  unper- 
turbed  value  at  d=dmod» 
3,      Détermination  of    &eff  reduces  the 
problem  at  the  second  stage  to  a  usual 
electrodynamic  one«  Let  us  consider  the 
simplest  problem  of  such  a  type:viz.  the 
normal  incidence  of  a  plane  wave  from  va- 
cuiun  to  the  initially  homogeneous  layer 
of  a  supercritical  plasma  with  a  thick- 
ness  of  2e,-Ê<z<6.  Inside  the  layer, 
the  field  amplitude  and  phase  distributi- 
on is  described  by  a  system  of  équations 
(2),  (3), (4).  Here  the  parameter  C  cor- 
responds to  the  power  flux  of  a  wave  pas- 
sing  through  the  layer,  This  system  shoxild 
be  added  with  the  boundary  conditions, 
That_  is  a  continuity  of  the_mean  field 

a       and  its  derivative  9a/9^  both  at 
the  boundaries  of  a  layerZ=±e  and  at  tho- 
se  points    within  the  layer  where  the  me- 
an  field  is  compared  to  the  threshold  va- 
lue for  the  modulational  instability 
âmod=dmod/|&l  •      solution  of  a  system  of 
équations  (2)-(4)  was  investigated 

qualitatively  by  the  example  of  intégral 
curve  bahaviour  on  a  phase  plane  of  the 
System  (Olj  3a /80  détermine  the 

transmission  factor  T.  Pig.l  shows  the 


dependence  of  T  on  Bo^Clo/^od^  Olo  is  the 
amplitude  of  an  incident  wave)  for  a  lay- 
er of  length  L=  5        (  wavelength 
in  vacuum;  with  the  unperturbed  permitti- 
vity    6o  =  -0,1.  The  dependence  is  of 
hystérie  form,  a  complète  transparency 
(T=1 )  being  realized  for  the  certain  va- 
lues of   6o    •  1°  Pig»1  thèse  resonait  sta- 
tes  are  characterized  by  the  number  defi- 
ned  as  a  ratio  of  the  layer  length  to  the 
period  of  a  nonlinear  wave,  Depending  on 
the  power  flux  C,  there  are  two  types  of 
solutions  of  Eqs.(2)-(4).  At  C  <  C*ai8,< 
a  layer  is  divided  into  sublayers  with 
supercritical  (unperturbed)  an^  transparaît 
(stratified)  plasmas,  At  C  >  C    the  layer 
becomes  transparent  (stratified)  ail  over, 
Passing  from  one  type  of  solution  to  the 
other  at  C  =  C    explains  the  existence  of 
two  résonant  states  with  the  same  number 
(see  Pig,1),  Hôte  that  the  described  de- 
pendence T(6o)  résonant  régions  is 
smoother  than  in  the  case  of  cubic  nonli- 
nearity  [7-9]  . 

Thus,  even  the  case  of  purely  ohmic 
losses,  absorption  of  energy  of  the  inci- 
dent radiation  increases  appreciably  due 
to  the  essential  lengthening  of  the  régi- 
on occupied  by  the  electromagnetic  field. 
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Nonlinear  effects  of  self -action  of 
beams  and  self -modulation  of  electromag- 
netic  wave  packets  in  a  magnetoactive  plas- 
ma have  a  nmnber  of  peciiliarities  which 
make  them  distinct  from  the  analogous  pro- 
cesses in  an  isotropic  plasma.  This  mani- 
fests  itself  both  in  change  in  the  nonli- 
nearity  and  modification  of  the  disper- 
sion properties.  To  illustrate  the  seu.d 
above  we  shall  give  the  example  of  quasi- 
opticea  beams  of  lower  hybrid  waves  [1, 
2]  . 

In  the  frequency  remge  «^.«^«Wh, 
gyrotropy  of  the  striction  nonlinearity 
becomes  essential,  i.e.  the  expression  for 
the  averaged  perturbation  of  plasma  den- 
sity  6n     xmder  the  action  of  a  rf  field 

r  ^  fs-/ru'"^~*-'^'''^+  c  e]       has  the  form  3 


When  writing  tl)  one  used  a  coordinate 
System  depicted  in  Pig.1;    Wpe,i ,  W^g  ^  are 
the  Langmviir  and  cyclotron  frequencies  of 
électrons  and  ions,  T    and  T.  are  their 
températures,  N  is  the  plasma  density.  If 
the  wave  dispersion  is  defined  by  the 
thermal  motion  of  particles,  then  the  eq- 
viation  for  slow  (in  scale  231 /k,      )  com- 
plex  amplitude    £  =  is  written  as 

follows*) 


92; 


'H 


(2) 


l6jrN(Te 
where 


An  équation  with  the  analogous  nonline- 
arity for  the  waves  with  frequency 


was  obtained  in  paper  [4] 


X[j     and   lyVj^  are  the  thermal  électron  BXià. 
ion  velocities.  The  nonlocal  nonlinearity 
part  may  détermine  the  self-action  for 
sufficiently  small  field  distribution  sca- 
les.  However,  in  case  the  characteristic 
dimension  L„>a)p  /ww^jK,»  then  the  last 
term  in  (2)  may^T)e  neglected  and  one  may 
pass  to  investigating  the  dimensionless 
équation  , 

A  similar  équation  Vhich  dif fers  principal- 
ly  from  the  usual  non-one-dimensional  Schro- 
dinger  équation  is  true  also  for  some  other 
wave  types  in  a  magnetized  plasma.  Hère 
are  the  examples. 

1 )  .  A  parabolic  équation  with  coeffici- 
ents changing  their  signs  with  the  plasma 
characteristic s  is  obtained  in  paper  [51 
for  the  wave  beam  propagating  across  the 
extemal  magnetio  field  H...  In  variables 
a=(uL/wSv=wJç/u)*  the  raiige  of  interest 
is  tne  parameter  région  between  curves 

U  =  |-\r      and    u  =  i-'U' 

2)  .  Self-action  of  electromagnetic  waves- 
whistlers  is  described  by  équation  (3),  if 
the  angle  between  the  central  wave  beam 
vector  emd  the  magnetic  field  is  9>0* 

(ig8*=/D  15] 

3)  .  It  is  easy  to  understand  that  (3) 
is  just  ,  considering  self-modulation  of 
packets  of  quasi-potential  lower  hybrid 
waves  with  dispersion  cu^  =  ajf„  (1  +  ^  K^, /k1), 

where  Wlh=  VO' âj%i)  )  "^z  ^^i 
longitudinal  and  transverse  (in  relation 
to  the  magnetic  field)  wave  vector  compo- 
nents,  m  and  M    are  the  électron  and  ion 
masses,  respectively  (in  this  case  coordi- 
nate  Z  is  the  time  variable).  A  similar 
équation  may  be  obtained  analysing  the 
thermal  dispersion  of  higher  hybrid  waves 
in  the  range  Wpg>3aj^ç- 

Let  us  discuss  some  peculiarities  of  the 
processes  described  by  équation  (3),  resul- 
ting  from  the  ratios  for  the  moments  of  lo- 
calized  field  distributions  [2] 

Por  collimated  beams  a*2fz=0l=  S = 
increases  monotonically  along  the.  beam  pro- 
pagation trajectory,but  a*  and  (  a*  6^  ) 
(that  corresponds  to  the  beam  cross  sec- 
tion area)  may  first  decrease.  However, 
when  2**- 00  the  beam  behaviovir  is  characte- 
rized  by  the  transverse  dimension  growth. 

"r=jfl||-r-||fl-f)dx*^>0'"'-^- 

the  initial  amplitude  distribution  exten- 


ded  along  u      the  beam  cross  section  for 
rather  great  Z   has  the  form  extended 
along    K  .  For  I  <  0    independently  of 
ratio  ôp"(z  =  0')and  "PCz  =  0) ,  beginning  with 
some    ,  the  field  distribution  extends  in 
the  u -direction. 

^  To  imderstand  the  qualitative  pattem 
of  the  process  one  may  use  the  nonaberra- 
tional  approximation  [6,7]  euid  get  the 
équation  for  beam  dimensions  a  and  6  in 
the   X  and  u  -directions,  assuming  its 
form  to  be  constant  (Gaussian,  for  example): 

^dz^'a'        'dz2  "P    ÔP"  ' 

9   characterizes  the  energy  flux  through 
the  cross  section.  Within  the  framework 
of  the  method  used  one  succeeds  in  iredu- 
cing  (4)  to  the  non-autonomous  differen- 
tial  second-order  équation 

d'o^  -    ^  V  (5) 


are  the  initial  beam  dimeiîsions.  In  (5) 
the  change  of  a  is  determined  by  the  two 
factors:  a  diffractional  beam  divergence 
leading  to  the  section  widening  along  x 
and  an  inhomogeneous  nonlinear  defocusing 
oppoaed  to  the  former.  It  is  easy  to  in- 
vestigate  the  action  of  the  contrary  ten- 
dencies  in  a  gênerai  case  using  a  numeri- 
cal  calculation,  but  in  some  cases  it  is 
possible  to  find  an  analytical  solution 
or  to  point  out  its  important  features, 
Nonlinear  self -action  of  beams  with  initi- 
al dimensions   Olo<^o    is  of  primary  interest 
Under  such  conditions  the  variables  in 
équation  (5)  may  be  substituted  tp=a(jnWz  )  , 


Pig.l.  Wave  vector  sxirface  for  lower  hy- 
brid  waves 


T  =  ^  aactg^^  Z ,    making  it  autonomous: 


(6) 


Q  _ 

Analysing  the  phase  plane  of  équation  (6) 
it  is  easy  to  realize  that  the  exact  solu- 
tion for  a  has  the  form  ^ 

where  u  is  the  periodic  function  with  pe- 
riod  T  =  Tfw(2=0)),determined  from  (6)  by 
means  of  intégrais.  Two  qualitatively  dif- 
férent self-action  régimes  may  be  distin- 
guished.  The  process  of  quasi -one-dimensi- 
onal  self-focusing  of  the  beam  along  the 
-direction  is  realized_at_â.i3tances  z<Z% 

width  oscillâtes  near  the  meem  monotonlcal- 
ly  growing  value,  the  amplitude  of  oscilla- 
tions inoreasing  with  Z     eaid  their  frequen* 
cy  decreasing;  the  total  number  of  oscilla- 
tions N  =5t/2Tyj!Âr  .  The  maximum  focusing 
possible  is  determined  from  the  one-dimen- 
sional  problem  a^^^  ^a^/(29^-\) 
When  z>Z^  the  beam  self-def ocuses.  Pig.2 
illustrating  the  foregoing  conclusions 
shows  the  change  of  the  electric  field  am- 
plitude |E(x=0,V  =  O,z')l     in  a  beam  and  of  its 
dimension       along  the  propagation  trajec- 
tory    z      depending  on  the  initial  distri- 
bution parameters. 


Pig.2.  Some  examples  of  beam  self-def ocu- 

sing.|£(x=o,u=o,z=o)|  =  2.5;ao  =  'l; 
6o  =  2.5;5;l0;30. 

Références 

1 .  N.R.Pereira,A.Sen  and  A.Bers,  Phys.Pluids 
21,  117,  1978. 

2.  A.G.Litvak,A.M.Sergeev,N.A.Shakhova, 
ZhETP  Letters,  5,  No.l,  1979- 

3.  A.G.Litvak,  Izv.VUZov-Radiofizika,  9, 
900,1966. 

4.  H.H.Kuehl,  Phys.Pluids,  21,  2120,  1978 

5.  A.G.Litvak,  N.A.Shakhova,  Pizika  Plaz- 
my  (to  be  published). 

6.  V.I.BespeQov,  A.G.Litvak,  V.I.Talanov. 
in  sb. "Nonlinear  optics"(Symp.transact. 5 
428,  "NBuka",  Novosibirsk,  1968. 

7.  V.V.Vorob'ev,  Izv.VUZov-Radiofizika, 13 
1905,1970. 


OURNAL  DE  PHYSIQUE 


Colloque  C7,  supplément  au  n°7.  Tome  40,  Juillet  1979,  page  C7-  639 


JELF-TRAPPING  OF  LOWER  HYBRID  WAVES  AT  THE  RF  BREAKDOWN  OF  GAS 
G. A.  Markov,  V.A.  Mironov  and  A. M.  Sergeev. 

Applied  Physias  Institute,  Aaademy  of  Sciences  of  the  U.S.S.R.,  Gorky,  U.S.S.R. 


The  study  of  the  interaction  between 
intense  rf  radiation  and  magnetoplasma 
is  stimulated  at  présent  by  searching  for 
the  effective  methods  of  directed  and  lo- 
calized  field  energy  transfer  to  plasma. 
In  this  connection  the  possibilities  of 
"résonance"  focusing  of  lower  hybrid  wa- 
ves excited  in  plasma  by  cylindrical  sour- 
ces (1)  are  of  particular  interest.  It  is 
évident  that  the  rôle  of  nonlinear  effects 
in  formation  of  a  strong  field  région  is 
of  great  importance.  In  this  paper  the 
interaction  between  field  and  plasma  is 
investigated  at  rf  breakdown  of  gas  near 
a  cylindrical  inductor  at  the  frequencies 
of  C0Hi«'«J«'«^He    (^*^Hei     are  the  cyclotron 
électron  and  ion  frequencies).  A  plasma 
waveguide  is  found  to  be  essentially  iso- 
lated  from  walls  and  to  trap  lower  hybrid 
waves  creating  it. 

An  air  (or  hellxjm)  discharge  was  exci- 
ted  with  a  double-coil  inductor  mounted 
coaxially  with  a  glass  balloon.  The  in- 
ductor was  the  anode  load  of  the  two-cy- 
cle  generator  and  was  placed  outside  the 
balloon  walls  to  eliminate  the  inductor 
terminal  influence.  The  system  parameters 
were  chosen  as  follows:  the  balloon  dia- 
œeter  2a=20cm,  its  length  1=1 20cm,  the  in- 
ductor diameter  6cm,  its  length  7cm,  the 
operating  pressure  range  pe3  lO'^rS  lO"-* 
Torr,  the  longitudinal  magnetic  field  B= 
500  Gs,  it»  inhomogeneity  along  the  azis 

«  6%,  the  rf  field  frequency  f=50  MHz, 
the  power  W=5^150w. 

To  détermine  the  plasma  parameters  mo- 
vable  cylindrical  and  plane  probes  were 
used.The  rf  potential  distribution  in 
plasma  was  measured  by  a  screened  pin  an- 
tenna  connected  with  the  spectral  analyzer. 
The  absolute  meaaiirements  of  the  rf  field 
amplitude  were  made  using  the  oscilloscope 
and  the  dipole  antenna. 

The  important  peculiarity  of  the  rf  dis- 
charge within  the  given  pressure  interval 
is  the  présence  of  a  thin  plasma  filament 
extended  from  the  inductor  région  along 
the  syntem  axis  (Fig.1).  


Por  p  ^  10  Torr  and  W  >  lOw  the  length 
of  the  filament  was  limited  by  that  of 
the  System.  For  comparatively  small  va- 
lues of  the  rf  power  input  W  c:  lOw  plas- 
ma density  in  the  filament  centre  MoXIc 
(nc  =  m[   ^/^^  critical  plasma 

density)  ajid  is  approximately  the  same 
along  the  axis  far  from  the  inductor. 
The  ciirves  of  Pig.2  were  obtained  for 
W=9,6w,  p=10"*2  Torr  at  différent  dis- 
tances    L    from  the  inductor.  The  rf  po- 
tential distribution  over  the  discharge 
balloon  cross  section  (p  imder  the  same 
expérimental  conditions  is  shown  in 
Pig.3.  The  measurements  of  the  diffé- 
rence between  field  oscillation  phases 
at  différent  points  along  the  system 
axis  indicate  that  the  length  of  a  wave 
propagating  in  the  canal,  approximately 
coïncides  with  the  double  inductor  size 

14  cm.  With  the  growth  of  the  rf 
power  feeding  in  the  discharge  plasma 
density  in  the  filament  and  its  thick- 
ness  increase.  A  régime  is  possible  when 
the  électron  density  exceeds  the  criti- 
cal value  everywhere. 

Passing  to  the  interprétation  of  ex- 
périmental data  we  note  first  of  ail 
that  investigated  rf  potential  and  plas- 
ma distributions  are  in  a  quasi-static 
zone  of  the  source,  i.e.   t<Xf^  where 
,  /,      OJp  \1l2 
^c^Vf^''"    waJHel  whistler 
wavelength  in  plasma.  Therefore,  density 
8Uid  conlcal  angle  aperture  measurements 
indicate  that  the  pattem  observed  is 
definitely  associated  with  excitation 
of  the  potential  ionizing  lower  hybrid 
waves  propagating  in  the  consistent  plas- 
ma distribution. 

Por  a  qualitative  explanation  of  the 
canal  structxire  we  shall  consider  a 
simple  model.  It  is  based  on  the  appro- 
ximation of  the  axially  symmetric  plas- 
ma density  and  rf  potential  amplitude 
distribution  being  homogeneous  along  the 
magnetic  field  B,  i.e. 

n  =  n(a),  cp  =  V(a^Gxp(l£ut -Ikz) 

where  "t   is  the  distaaice  from  the  bal- 
loon eixis,  z    is  the  longitudinal  coor- 
dinate  ,    K=  ZK/X    .  Por  the  rf  field  the 
Poisson  équation  with  the  longitudinal 
and  transverse  plasma  permittivities 

_i  -IL  i _  -fî^ 

tic"      U)^  is  satisfied. 

When  writing  the  material  équation  we 
take  into  account  that  the  électron  tem- 
pérature locally  dépends  on  the  electric 
field  amplitude  in  the  discharge  cross 
section.  This  permits  to    represent  the 
frequency  of  molécule  ionization  at  elec- 
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tron  impact  in  the  form      =  ^L^lKCpl) 

This  complicated  dependence  is  usually 
approximated  by  the  power  one: 

^i_  =  dlKlpl^^  fji>0       The  diffusion  flux 
on  the  walls  and  the  électron  adhésion 
to  electro-negative  molécules  of  gas  are 
assumed  to  ]ge  the  main  factors  of  parti- 
cle  losses.  ^ 

So  the  self-consistent  distribution 
of  rf  potential  of  a  low-hybrid  wave  and 
of  plasma  density  is  the  solution  of  non- 
linear  differential  équations 

04H-^'f'-"/nc)V  =  O  (1) 

where         is  the  coefficient  of  the  ambi- 
polar  diffusion  across  the  magnetic  field, 
i)a  is  the  électron  adhésion  frequency, 

Systeffij^ij^]  )  allows  the  space  localized 
solutions    ^  for  which  near  the  axis 

n  >nc  ,  ajid  in  the  peripheral  région 

n<nc  that  détermines  an  exponential 
decrease  in  the  field.  At  the  same  time 
the  density  decrease  is  due  to  the  adhé- 
sion action.  Similar  solutions  correspond 
to  the  possibility  of  self-sustaining 
plasma  euid  field  distribution  without  the 
balloon  wall  influence. 

Thus,  the  main  resuit  of  the  paper  is 
that  the  localized  région  of  field  and 
plasma  extended  as  a  thin  filament  along 
the  magnetic  field  is  found  under  the  rf 
discharge  conditions.  This  phenomenon  is 
explained  by  propagation  of  an  ionizing 
lower  hybrid  wave  in  the  consistent  plas- 
ma distribution. 
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'When  describing  a  discharge  in  hélium, 
a  weaJc  inhomogeneity  of  the  canal  along 
the  axis  should  be  teiken  into  account.  It 
leads  to  the  same  qualitative  results  as 
the  adhésion  in  the  air. 

**) 

AnalogouB  solutions  for  electromagne- 
tic  wave  beams-whistlers,  propagating  in 
the  médium  with  the  local  ionization  non- 
linearity  ,were  considered  in     [2j  . 
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ITERACTION  OF  THE  INTENSE  MICROWAVE  BEAM  WITH  A  FLOW  OF  LOW  TEMPERATURE  PLASMA 
't.2.  The  theory) 

AI.  Rogashkova. 

Institute  of  Radioengineering  and  Eleatvonias,  Academy  of  Sciences,  Mosoow,  U.S.S.R. 


To  explain  the  experimentally  observed 
space  distribution  of  the  plasma  stream 
Lensity  disturbed  by  the  intense  beam  of 
:adiowaves  (1)  theoretical  analyses  has 
)een  performed, 

Let  us  assume  that  the  plasma  stream 
lOves  along  the  axis      with  the  constant 
relocity  V^.  The  electromagnetic  wave  pro 
)agates  along  the  axis  Y.  Its  intensity 
.s  described  by  the  expression: 

E'~~f&xpl'^//l  (1) 

/here  71     is  a  characteristic  dimension 
)f  the  field  nonunif ormity. 

The  linearized  macrascopic  transfer 
iquations  for  the  density  and  température 
>f  électrons  in  the  electric  field  are 
ised  to  describe  the  disturbance  of  a 
îtream    „,  ,      o,,,  , 

de^'  -ûé  dQ   %  ^    ^^dQ""        '  (3) 

rhere^x^    ,     /= is  the  relative 
'ariations®  of  électron  density  and  tempe- 
•ature,  ^--3?/yi    ,  ,c'=5Sà-,U^^^^/lf:A.  -the 
•ecombination  coefficient,  ,    T°  -  the 

mdisturbed  values  of  density  and  tempé- 
rature of  plasma  stream;  k;^=0,5  for  the 
'eakly  ionized  plasma.  The  System  (1),(2) 
.s  true  vmder  following  conditions i^c^yJ^" 
,nd  ^«J^  '  Ji'J^m  -  "tiie  ion  and  neut 
•al  density  the  température  of  ions  and 
leutrals  is  supposed  to  be  unchanged. 

The  plasma  stream  is  uniform  in  absen- 
ie  of  the  electrical  field  so  Jf^  ,   7/  do 
lot  dépend  on  the  coordinates.  The  coef- 
'icient  is  determined  by  the  rela- 

;ion:/=   ^^f^T")  '  i.e.  it  characte 

'izes  the  rate  of  dependence  of  the  re- 
:ombination  coefficient  and  ionization 
'requency  on  the  température;  (L^lïo/l^r  ' 


(4) 


Vr    is  the  velocity  of  termodif fusion: 
=  ^y^.       ;  n.=       - .    ])i  -  the  ion-neutral 
collision  frequency;        -  the  électron 
free  path  length;    5  -  the  fractional 
lost  by  an  électron  in  a  collision  with 
a  neutral  particle:     6'  -  the  plasma  con- 
ductivity;      £^    -  the  plasma  field  [2]  . 
In  the  assmption  (1)  a  sollution  of 

f!,--|^'(e"-'«-f"d[f?,(,9,.|-(n4* 

The  solution    ^fj     is  true  in  the  région 
^  <    0;  (^y-       is  true  in  the  région 

0>   0;      S'^xj  ~  intégral  of  errors; 

the  constants     '^^^-sL.*_^^  détermine 
a  dimension  of  the  plasma  stream  tempéra- 
ture disturbance. 

An  analytical  solution  of  the  équation 
(3)  on  the  basis  of  an  expression  (4)  is 
impossible  to  obtain. 

However  a  calculation  of  a  space  pat- 
tem  shows  that  function  ^{Q)  is  closely 
aproximated  by  either    Q'IflBI  ^-â 
functions  versus  a  parameters  of  the  prob- 
lem. 

Suppose     ^~Jiè^^       .  Then  the  solu- 
tion of  eq  (3)  takes  the  form: 
with    0<,  0  ,  „  (a) 

ifd>0 


The  experiment  was  performed  using  the 
argon  plasma  for  which  J"  =3.10~^.  In  the 
undisturbed  plasma  stream  /e  (1+4).  10^}/ 
/crr?,      Tê=  (1+2).10^°K,   I<°  =600OK.  This 
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corresponds  to  the  values  of  the  parame- 
ters:       Ke  [0,05+0,2]^  c^~10"^;  ('î^>/Z^je 
e[l02*10j   ;  {Uz/Vi/y\0~^ . 

In  Fig.l  are  représentée!  the  numerical 
calculations  of  the  stationary  disturban- 
ces  of  température  and  density  for     /C  = 
--0,05;     ^=0,02;       {?to/7>j}=50}  i%/vii)=Q,^5. 
It  is  assumed  that     o^v.  =10"^^  1/cm^sec. 
The  function    6      determining  a  field 
localization  in  space  is  denoted  by  a 
broken  line.  It  follows  from  the  calcula- 
tions represented    on  Pig.1  that  the  si- 
zes  of  disturbances  introduced  by  a  radio 
beam  into  plasma  greatly  exceed  a  radio- 
beam  width.  Under  the  above  parameters  a 
stream  convection  don't  affect  on  the 
space  température  distribution  curve.  It 
is  almost  symmetrical  in  relation  to  the 
plane      d    =0.  The     /     curve  is  however 
markedly  displaced  in  the     9   -  direction. 
It  is  knovm  the  parameters  cT  ,  f)^  ,7^ 
are  functions  of  the  électron  température 
and  consequently  they  change  in  a  process 
of  an  électron  heating. 

In  Fig.2  the  curves  andj 
are  calculated  for     ^  =2,5  and  {%/V-j)  =2 
In  this  case  also  the  stream  convection 
slightly  influences  upon  the  space  dist- 
ribution V    and  greatly  affects  on  the 
function   /     :  the  région  with  an  increa- 
sed  density  is  formed  being  displaced  in 
space  up  to  the  injecter.  It  is  due  to 
the  convection  and  ambipolar  diffusion 
velocities  are  approximately  equal  and 
opposite.  This  results  in  the  électron  ac- 
cumulation. 

Thus  the  analysis  shows  that  the  plas- 
ma density  decreases  if  the  plasma  stream 
convection  velocity  is  much  more  than  the 
diffusion  velocity,  the  disturbance  sizes 
exceeding  field  size  and  displacing  in 
the  direction  of  the  stream  velocity. 
If  the  convection  and  diffusion  velocities 
are  close  both  decrease  and  increase  of 
the  électron  density  take  place  in  compa- 
rision  to  the  undisturbed  state. 

The  performed  theoretical  analysis 
accounts  for  the  expérimental  results: 
the  électron  density  disturbed  distributi- 
on is  assymetric;  the  disturbed  région 


size  greatly  exceeds  the  radiobeam  width. 
This  analysis  explains  the  nature  of  the 
électron  disturbed  density  space  distri- 
bution. 
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HE  UHF  DISCHARGE  WITH  PRELIMINARY  LOCALLY  lONIZED  GASEOUS  MEDIUM 
N.A.  Armand,  S.A.  Rogashkov  and  E.G.  Shustin. 

Institute  of  Radioengineering  and  Eleatronios,  Aaademy  of  Sciences,  Moscou,  U.S. S.. 


When  atuding  the  interaction  of  inten- 
se (E'^50V/cm)  focused  bearas  of  ïï  band 
microwave  with  a  low  température  plasma 
stream  flowing  out  of  an  electroarc  plas- 
matron  into  a  rarefieid  gas  [11,  it  is  re 
vealed  that  a  change  of  power  of  both  pas 
sed  and,espessially,reflected  signais  has 
an  oscilla ting  character  in  the  certain 
région  of  the  parameters  of  plasma  and 
gas  (Pig.l).  As  a  rule, oscillations  begin 
with  some  delay  in  relation  to  the  origin 
of  puise.  The  value  of  delay  and  period 
of  oscillation  are  decreased  with  incre- 
asing  both  density  of  plasma  and  pressure 
of  gas.  The  brightly  luminous  région  rang 
ing  from  the  boimdary  of  a  luminous  part 
of  a  plasma  stream  on  the  direction  to 
the  radiating  antenna  is  visually  obser- 
ved.The  more  puise  duration  of  a  microwa- 
ve beam,the  more  distance  through  which 
the  luminous  région  passes  in  this  direc- 
tion under  other  equal  conditions. 

The  Ivuninous  région  représenta  the 
area  with  more  increased  ionization  mov- 
ing  from  the  stream  to  the  source  of  mic- 
rowave energy, i.e. the  microwave  discharge 
initiated  by  previous  ionization  in  a 
plasma  stream, This  assumption  is  suppor- 
ted  by  direct  measurements  of  the  plasma 
density  distribution  in  space  between  the 
stream  axis  and  the  antenna,  The  measure- 
ments are  made  by  an  interf erometer  with 
a  dielectric  waveguide  serving  as  a  mobi- 
le sensor  [2]  ,0n  the  interf erograms,  in- 
side  the  luminous  région  a  sharp  spuke 
corresponding  to  the  increase  of  plasma 
density  with  the  following  slow  decrease 
le  recorded,The  delay  time  of  the  spike 
in  relation  to  beginning  a  microwave  pui- 
se increases  with  the  displacement  of  the 


waveguide  to  a  radiator  of  microwave  power 
In  Pig.2  is  represented  the  plasma  denr 
sity  space-time  dependence  pattem  recon- 
structed  from  the  oscillograms  of  the  in- 
terferometer  signal  for  one  of  the  régi- 
mes in  which  the  described  phenomenon  has 
been  detected,It  is  seen  that  after  swit- 
ching  the  microwave  beam  on, the  "hump" 
moving  for  some  time  towards  a  microwave 
beam  is  appeared  on  a  slope  of  the  radial 
profile  of  density  distribution,  Excess 
of  consentration  over  the  undisturbed 
plasma  accounts  for  130%(in  the  région  of 
the  microv/ave  discharge  origination)  till 
450%(at  the  end  of  a  microwave  puise). 
With  the  absolute  value  the  plasma  densi- 
ty in  the  région  of  UHF  discharge  accou- 
nts for  0,7-0,9  of  the  critical  density 

n    =1 .1 .10^§m"-^.  It  is  évident  that  the 
cr  ' 

oscillations  of  the  reflected  signala  in 
the  régimes  of  the  initiated  microwave 
discharge  are  determined  by  beating  bet- 
ween the  radiating  and  Doppler  displaced 
(reflected  from  the  nmning  front  of 
ionization)waves,So  it  is  easy  to  define 
the  front  propagation  velocity:  v=  cSl/zoO^ 
where  SI.  -  the  beat  frequency  determined 
from  the  oscillograms,  The  velocity  of 
propagation  of  a  microwave  discharge  is 
found  to  dépend  on  the  undisturbed  ("pri- 
ming") plasma  parameters  and  to  be 
(0,5+3) .10^ cm/sec.  Thèse  data  agrée  with 
the  results  of  the  measurements  of  the 
front  of  ionization  velocity  according  to 
the  delay  time  of  peak  on  the  interfero- 
gram  corresponding  to  the  microwave  di- 
scharge on  moving  the  sensor  to  the  an- 
tenna. 

Following  Yu,P.Raiser  [3]  ,let  us  es- 

timate  the  magnitude  of  the  stationary 
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electric  field  for  a  breakdown  of  neutral 
argon  \mder  expérimental  conditions: 
E2(v/cm)  =  5,7.10-"'^  1 1'^'*^^)^'^^ 
where  disignations  correspond  to  the  ac- 
cepted  ones  in  ["3J  .  According  to  our 
conditions  in  the  range  of  pressures  of 

0.  1.0, 5torr, this  estimation  defines  the 
value  of  the  intensity  of  the  breakdown 
field  E=150V/cm,i.e,2,5  times  more  than 
the  intensity  realized  in  the  course  of 
the  experiment,  The  observed  phenomenon 
has  analogs  in  some  expérimenta  on  the  op 
tical  breakdown  of  gases  and  studing  the 
microwave  discharges  in  v/aveguides  [3,4]. 

As  shown  in  [4]  ,the  diffusion  of  op- 
tical  résonance  radiation  is  responsible 
for  the  formation  and  propagation  of  the 
initiated  microwave  discharge  in  a  wave- 
guide.  In  our  conditions  except  this  me- 
chanism, two  more  physical  phenomena  seems 
to  be  of  concem.  First,  the  change  of 
fast  free  diffusion  determining  the  par- 
tiale runaway  in  conditions  of  the  neu- 
tral gas  breakdown  by  the  ambipolar  one 
(peculiar  to  plasma)  facilitâtes  the  pos- 
sibility  of  the  avalanche  breeding  the 
particles. Second, the  increase  of  the  ioni 
zing  microwave  electric  field  due  to  both 
"swelling"  the  field  in  the  nonuniform 
plasma  near  the  résonance  point  and  reflœ 
ting  the  wave  from  the  gradient  of  plasma 
concentration  has  great  sagnif icance,  The 
détermination  of  a  comparative  importance 
of  thèse  mechanisms  for  the  described  phe- 
.nomenon  will  be  the  subject  to  be  inves- 
tigated, 
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ION  SOUND  DISSEMINATION  IN  MOVING  PLASMA  JET 
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1 .  Introduction 

Beginning  from  some  carrent  value,  cri- 
tical  duties,  characterizing  by  sharp 
increase  of  value  dV/dl  [1,2J   ,  can  be 
reached  in  gas  discharge  high  current 
devices  with  stationary  supply  of  Li  - 
neutral  mass  flow.  One  of  the  main  fea- 
tures  of  critical  duty  is  intensive  po- 
tential  oscill  ation  and  plasma  consent- 
ration  exitation  [3]. 

Parameters  of  such  exitation,  dessimi- 
nating  in  discharge  area  and  in  moving 
plasma  jet,  were  considered  in  this 
work. 

2.  Expérimental  technique 
Investigations  were  made  in  gas  dischar- 
ge System  of  coaxial  geometry  (Fig.1). 
Multi-wire  cathode  (c)  of  15  mm  diameter 
is  located  on  the  cylindrical  anode  axis 
(a)  (anode  diameter  is  55  mm).  Li  -  va- 
pours  supply  gasdischarge  chaumber  thro- 
ugh  the  cathode.  Fixed  high  frequency 
probe  (1)  was  instolled  near  the  anode 
face  (z=0,  r=R).  Moving  high  frequency 
probe  (2)  traveled  in  the  range 

-(R-50  mm)  ^  r  ^  (R-50  mm); 
-40  mm  s  zs200  mm. 

Oscillation  parameters  were  measured  by 
panorame  spectrum  analyzer  (bandwidth 
0.02-100  MHz),  high  frequency  millivolt- 
meter  (0.01-5.0  MHz)  and  analoge  correlo- 
meter  (0.05-2.0  MHz). 

Distributions  of  spectral  and  intégral 
intensity  oscillations  were  studied  by 
spectrum  analyzer  and  high  frequency 
millivoltmeter,  and  time-space  corréla- 
tion functions  were  measured  by  the  cor- 
relometer . 

3.  Expérimental  résulta 

The  Fig.2  shows  the  volt-ampere  charac- 
teristic.  The  investigation  of  oscilla- 
tion was  carried  out  at  the  points  a,  b 
and  c.  ,  mg 

Under  constant  flow    m=^■—  the  point  a 
corresponds  with  1er    ,  the  point  b 
corresponds  with  1.03  Ici"  ,  the  point  c 
corresponds  with  1.1  1er  . 
Electric  potential  (-30  v)  conserning 
the  anode  was  supplied  to  the  measure- 
ment  probe.  Fig.3  shows  the  oscillation 
spectrum  of  probe  in  saturation  current. 
The  fundamental  oscillation  frequency  is 
F=0.2  MHz. 

Fig.4-  shows  the  space  distribution  of 
integrated  intenciviby  ion  saturation 
current  oscillation  on  the  moving  probe. 
Fig.5  shows    space  corrélation  functions 


of  ion  saturation  current  oscillations 
for  the  probes  1  and  2  along  axis    z  and 
radius    r.  Fig.5  and  7  shows  space-time 
currelation  fuaction  family 

Mr)=^fjs^{ô.i)S,{l^Al.i^^i)  d-t 

along  z  (^coz)  and  along  r  (icor)  ac- 
cordingly.  The  following  calculations  are 
based  on  the  expérimental  résulta: 

a)  ion  wave  phase  velocity  along  axis  Z  - 
Vz  =23.10*  rn/s 

and  along  the  radius  r 

Vi-  =7.10^ '"/s. 

b)  ion  concentration  disturbance  wave- 
length   Xz  =0.115  m,Ar   =0.  035  m. 

In  addition  to  that  absence  of  phase 
shift  between  ion  concentration  and  plas- 
ma potential  waves  was  defined.  The  accom- 
plished  measurements  show  the  azimutal 
symmetry  of  discribing  waves. 
4.  Discussion 

Measured  ion  saturation  current  oscilla- 
tions of  probe  are  connected  with  plasma 
density  oscillations.  The  plasma  density 
in  nearly  com.jletely  defined  by  ion  com- 
ponent  density,  as  plasma  is  highly  ioni- 
zed  in  this  case. 

Basing  on  expérimental  data  were  calcula- 
ted  wave  vectors:  K2:  — 55    [m"']  ; 
K»-=i.  170  ,  [ffl-'J,  ion  termal  velocity 
Vu  —  2'10  m/S  ,    électron  velocity 
Ve  =:  7.5"l05in/5 

Consequently ,  in  discribed  conditions 
inequality  Vi«-j^«Ve  is  valid. 


Assuming  that  discribed  waves  are  ioi;ic- 
sonic  nature  the  damping  décrément  looks 


Hence  the  logarithmic  damping  décrément 
may  he  calculated  as  follows 

Q-^'T^U  4^  ^  0.18 

or  -  0.83t}\ 

kn*i     and  An     are  wave  amplitudes  of 
preceding  and  consécutive  periods  accor- 
dingly.  Expérimental  atténuation  the  wave 
length  is  measured  to  be  0.89. 
Basing  on  the  accomplished  évaluations 
and  the  wave  motion  behaviour  defined  a 
posteriori,  we  can  conclude,  that  the 
discribed  waves  indeed  are  the  ionic- 
-sonic  waves. 
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Fig.I.  The  expérimental  devlce. 
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Fig.3.  The  ionic  current  oscillations 
spectioim  in  points    a  ,  b 
K(%Z)         gj^^     ^  characteristlc. 


Fig.6.  The  space-time  corrélation 
functions  of  oscillations 
along  Z-axies. 
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Fig.2.  The  volt-ajapere  characte- 
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Flg.4.The  diGtrlbution  of  integra- 

ted  intei.sity  ionic  current 
oscillation  in  the  plasma  jet. 


Fig.5.Space  corrélation  function  of 
f((Z,t^)        ^onlc  current  oscillations. 
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Fig.7.  The  space-time  corrélation 
functions  of  oscillations 
along    R  -  axies. 
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-\JF.  INSTABILITIES  IN  THE  HETEROGENEOUS  PLASMA  OF  A  PENNING 
DISCHARGE  ION  SOURCE  WITH  A  HOLLOW  CATHODE 


V.P.  Gerasimov,  S.A.  Karev,  V.A.  Obukhov  and  G.G.  Shishkin. 
Moscou,  U.S.  s.  fi. 


Introduotion 

In  gaseous  discharges  with  heterogenous 
distributions  of  electric  and  magnetic 
fields  the  instabilities  of  différent 
types  CDayi«produced  /1 /.  The  investiga- 
tion of  thèse  instabilities  can  possibly 
be  used  in  optimization  of  some  gaseous 
discharge  devices.  In  the  investigation 
presented  herein  were  obtained  measure- 
ments  of  the  oscillations  of  the  plasma 
potential  at  a  number  of  points  in  the 
discharge  chamber  of  the  césium  ion 
source  over  range  of  source  operating 
conditions.  Most  of  the  expérimental 
tests  discussed  here  were  produced  from 

0.  5  to  1.5  MHz. 
Expérimental  arrangment 

In  this  investigation  the  lOSmhollow 
cathode  césium  ion  source  shown  in  Fig.1 
was  used.  The  magnetic  field  was  formed 
by  the  permanent  magnet  mounted  on  the 
back  wall  of  the  chamber  and  by  spécial 
f erromagnetic  détails.  The  magnetic  fi- 
eld can  be  characterizied  as"divergence 
and  controgated  near  cathode".  The  mag- 
netic induction  varied  from  0.4  T  near 
the  cathode  to  0.015  T  near  the  screen 
électrode.  The  source  was  operated  at 
the  beam  currents  of  0.2-0.5  A.  The  acce- 
lerating  voltage  was  about  1.8  kV.  The 
discharge  voltage  varied  from  15  to  25  V, 
and  the  discharge  current  was  characte- 
rized  by  the  interval  of  2.0-3  A  (see 
Fig.3).  Ttie  plasma  parameters  like  élec- 
tron température  Te,  plasma  density  Ne, 

Êlasma    patential  ^  and  electric  field 
were  measured  and  calculated  with  the 
help  of  data  which  were  received  by  using 
two  cilindrical  Langmuir's  probes.  Two 

h.  f .  probes  were  also  used  to  record  the 
plasma  oscillations.  The  probes'  signais 
were  measured  by  spectrum  analyzers  and 
corrélation  receivers.  a11  the  recording 
Systems  were  matched  and  calibrated. 

Expérimental  results 

The  plasma  paranieteres  and  their  distri- 
butions are  shown  in  Fig.2.  From  Fig.2 
those  skilled  in  art  can  see  two  areas 
in  the  discharge  plasma.  The  first  one, 

1.  e.  central  plasma  can  be  characterized 
as  "hot  and  dense",    while  the  second, 

i.  e,  preanode  plasma,  is  more  "cold  and 
rarefied".  Fig.3  shows  V-A  characteris- 
tics  of  the  discharge,  Fig.4  is  a  typi- 
cal  spectra  wich  shows  the  relative  amp- 
litude as  a  function  of  frequeacy  of  the 
oscillations  for  a  discharge  current 


2.2  A,  discharge  voltage  20V  and  beam 
current  0,42  A.  This  spectra  has  the 
frequencies  of  the  dominant  peaks,  The 
first  of  them  is  on  the  frequency  of 
about  40  kHz,  and  the  second  -  on  0,6- 
-0,8  MHz,  In  this  paper  the  fluctua- 
tions of  the  second  range  have  been  in- 
vestigated.  Figure  5  shows  the  auto- 
and  cross-correlations  curies  for  thèse 
oscillations.  The  radial  variation  of 
the  amplitude  (at  Z=30  mm)  and  axis  va- 
riation of  the  frequency  (at  r=o)  are 

gi  en  on  the  Fig.2  and  6,  Figure  5  shows 
the  dependences  of  the  frequency  of  thè- 
se oscillations  on  the  discharge  voltage, 
From  Fig.2  those  skilled  in  art  can  see 
the  corrélation  between  the  amplitude  of 
the  oscillations  and  the  plasma  parame- 
ters. In  order  to  obtain  wheather  the 
oscillating  area  posesses  convective  or 
not  the  rotating  velocities  space-time 
corrélations  were  measured,  It  was  found 
that  the  oscillations  are  "in  phase" 
both  over  the  axial  plasma  area  (curves 

1.3  in  Fig,5)  and  over  the  radial  out 
of    the  area  of  the  "hot  plasma". 

On  the  contrary  inside  the  area  of  the 
"hot  plasma"  the  wave  velocity  was  mea- 
sured to  be  about  lO'^    cm/s  (curves  1,2 
in  'Fig.5).  It  seeras  that  this  oscilla- 
tion is  an  azimuthal  wave.  The  frequency 
of  this  wave  is  slowly  varying  on  the 
length  (Fig.6).  The  magnitude  of  the  fre- 
quency tends  to  increase  as  the  flow  rate 
of  césium  and  discharge  voltage  are  in- 
creased. 

Discussion  of  the  results 
In  this  case  the  plasma  parameters  are 
considerebly  heterogeneous  on  the  radius 
as  well  as  on  the        axis.  That  is  why 
it  is  necessary  to  work  out  the  theory 
in  three-dimensional  approximation.  This 
problem  could  not  be  solved  analytically . 
Moreover  it  seems  to  be  too  dificult  for 
a  numerical  solution.  Therefore  we  want 
to  carry  out  a  qualitative  analysis.  As 
it  follows  from  the  experiments  the  azi- 
muthal wave  is  similar  to  a  spoke,  whose 
frequency  is   j=  ^^y2rc     According  to  the 
corrélation  measurements    K  «  V3  ,  where 
r-radius  of  the  "hot  plasma"  area.  If 
V^  =  \rj^-^Và,  =  10'''1Û^'"/s  then  f =0.5-1  MHz. 
This  value  is  in  concordance  with  the 
experiments.  Having  expérimental  data  on 
the  velocity,   the  frequency  of  the  wave 
(Fig.2, 6)  and  the  location  of  the  maxi- 
mum amplitude  in  every    cross-section  of 
the  chamber,  those  skilled  in  art  can 
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(2) 


détermine  the  wave 's  dispersion  characte- 
ristics  (Pig.2).  It  seems  that  considera- 
ting  oscillation  is  stipulated  by  hetero- 
geneity  of  the  distribution  of  the  élect- 
ron drift  velocifcy.  The  instability  of 
this  tcind  have  been  investigated  for 
E-H  plasma  accelerators  with  the  closed- 
drift  of  électrons /2/.  The  conclusions  of 
this  analysis  are  also  suitable  fot  this 
case.  The  frequency  and  incrément  of  the 
wave  respectevily  are 

It  is  sufficient  enough  to  take  into  ac- 
count  only  the  first  member  of  the  equi- 
tion  (2).  The  character  of  the  calcula- 
ted  and  experiœeutal  dispersion  dependen- 
ces  are  in  concordance.  The  spacial  dist- 
ribution of  the  oscillation  amplitude  can 
be  calculated  with  the  help  of  equition 
(2)  and  the  expression:  K^  -Vvw,..      It-  can 
be  showed  that  the  maximum  of  the  inten- 
sity  of  the  wave  is  observed  in  the  cham- 
ber  area  where        is  the  gratest.  The  pre- 
sented  data  show  that  the  investigated 
oscillation  can  be  identif icated  as  h.f . 
drift  waves  stipulated  by  the  slipping- 
-stream  instability. 
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I 

ON  NONLINEAR  STAGE  OF  PARAMETRIC  INSTABIUTIES  CF  WAVES  EXCITED  BY  LOCALIZED  PUMPDMG 


S.M.  Musher,  B.D.  Ochirov  and  A.M.  Rubenchik. 

Institute  of  Automation  and  Eleatrometry,  Siberian  Branah  of  the  U.S.S.R.  Aaademy  of  Sciences, 
Novosibirsk  630090  U.S.S.R. 


By  présent  time  the  theory  of  weak 
turbulence  of  homogeneous  plasma  has  been 
developed  well  enough.   Tt  makes  it  possib- 
le to  calculate  an  anomalous  absorption 
of  the  electromagnetic  wave  via  paramet- 
ric  instabilities .  However,   in  real  expe- 
riments  the  plasma  or  pumping  waves  are 
inhomogeneous ,  as  a  rule,  and  a  nevj  stabi- 
lizing  mechanism,  i.e.  carrying  out  of  the 
waves  from  the  interaction  région,  arises. 

The  présent  paper  considers  the  plas- 
ma turbulence  in  a  homogeneous  médium  ex- 
cited  by  localized  pumping.  Such  a  state- 
ment  is  seemed  to  be  interesting  enough. 
For  example,   in  experiments  on  high-fre- 
quency  heating  of  plasma  in  large  instal- 
lations the  pumping  wave  is  excited  by  the 
source  of  finite  size  and  therefore  is  lo- 
calized within  well-defined  résonance  cô- 
ne ^l"]]     .  As  is  shown  in  ,  under  low- 
er  hybrid  heating  in  tokamaks  just  a  pré- 
sence of  a  résonance  cone  often  defines 
the  threshold  of  parametric  instabilities. 

To  elucidate  the  influence  of  pumping 
localization  on  a  nonlinear  stage  of  the 
parametric  instability,  let  us  consider 
the  excitation  of  Langmuir  oscillations 
in  an  isotropic  isothermal  plasma.  The 
équations  deacribing  the  excited  turbulen- 
ce   can  be  written  as 


Here  Y]^  is  the  number  of  Langmuir  plas- 
mons,    iT    =  ZJ'^(KZj)  is  their  gro- 

is  the  matrix  élément  of  the  induced 
scattering  on  ions  -  the  main  nonlinear 
process,   "1^^  (V)  is  the  incré- 

ment of  the  parametric  instability  and 

\)^-     the  frequency  of  electron-ion  col- 
lisions. 

in  a  homogeneous  médium  the  distribu- 
tion of  excited  oscillations  is  sharply 
anisotropic.  The  appearing  turbulence  is 
the  succession  of  quasimonochromatic  wa- 
ves       =  2.  (  t-?;)  propagating 
along  the  electric  field  of  the  pumping 
wave.   Their  amplitudes  decrease  with  the 
wave  vector,  and  the  distance  between  two 
neighbours  is   A 'IC  -    ^dif^  ~  t^/  j ^ ' 

ït  is  natural  to  expect  that  the  weak 
inhomogeneity  will  not  destroy  a  gênerai 
picture  of  the  spectrum,  and  we  can  sim- 
plify  (1)   tuming  to  the  satellite  appro- 
ximation [^3]       l'fo  ,  ^;  =  l^o- tUrfi^^         •  In 
dimensionless  variables  neglecting  the 
différence  of  group  velocities  of  the  va- 
rious  waves,   let  us  write  down  the  follow- 
ing  équations  (   «/fT*  and  ,/J~      are  the  waves 
propagating  in  the  positive  (  lAT       )  and 
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négative  (  )  directions 

The  behaviour  of  the  solutions  of  the 
System  (2)  was  investigated  computat ional- 
ly  with  the  use  of  the  implicit  différence 
schéma  of  the  "running  calculution"  type- 
It  is  easy  to  understand  that  Eq.(2)  has 
no  stationary  solutions.  Therefore,  when 
solving  (2),  we  use  the  absorbing  boundary 
conditions  modelling  the  appearance  of 
strong  Landau  damping  or  the  plasma  edge. 


0  dû  20 


The  main  resuit  of  this  work  is  pre- 

sented  in  the  Figure  illustrating  the  flux 

energy  to  the  plasma  as  a  ftmction  of  the 
If.  L  n 

parameter  ,    vfo      is  the  energy  flux 

i'n  homogeneous  situations.  It  is  seen  that 
as  the  pumping  amplitude  increases,  the 
carrying-out  of  energy  from  the  localizati- 
on  région  quickly  becomes  inefficient.  This 
resuit  can  be  imderstood  from  the  following 
considérations.   In  the  isothermal  plasma 
the  parametric  instability  resulting  to  the 
exciting  of  oscillations  is  convective,  and 
for  its  development  it  is  necessary  the 

L 

condition  — ir—  to  be  valid. 

Here     J\,  is  Coulomb  logarithm  and 

the  instability  incrément.   In  the 


nonlinear  régime  when        /%^^'^     1  "the 
threshold         =  is  only  slightly 

exceeded,   therefore  the  oscillations  scat- 
ter  on  ions  passing  the  length  ' 
It  is  seen  that  when  the  threshold  is  ex- 
ceeded by  the  order  of  unity,   the  scatter- 
ing  length  is  much  less  than  the  pumping 
localization  région. As  was  mentioned  above, 
the  scattering  on  ions  is  mainly  back  scat- 
tering.   Thus  the  trapping  of  oscillations 
occurs,  and  the  carrying  out  of  energy  de- 
creases.  As  is  shown  in  the  Figure  at 

(for  the  tokamak  plasma  K^15)  the 
flux  energy  practically  coïncides  with  the 
calculated  one  in  the  approximation  of  a 
homogeneous  plasma. 

So  far  excitation  of  oscillations  was 
considered  for  an  isotropic  plasma.  This  si, 
tuation  is  typical  for  laser  heating.  Under, 
lower  hybrid  heating  of  plasma  in  tokamaks 
the  main  nonlinear  process  for  exciting 
magnetized  plasmons  (  ù)  =  tOp  "^^/^    )  is  also 
the  induced  scattering,  but  the  oscillati- 
ons are  scattered  at  the  angle  about 
Qualitatively  this  situation  is  sirailar  to 
that  described  above,  and  when  calculating 
an  anomalous  absorption  of  the  pumping  wave 
(4),   there  is  no  need  to  take  into  account 
its  localization  in  space.  Thus,  the  réso- 
nance cone  déformation  due  to  the  modulati- 
on instability  of  the  pumping  wave  results 
to  a  local  change  of  its  amplitude  and  shou 
be  considered  as  a  more  important  effect. 
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1AGNETIC  FIELD  GENERATION  BY  INTENSE  LANGMUIR  PLASMA  WAVES 


S.A.  Bel'kov  and  V.N.  Tsytovich  . 


The  problera  of  the  magnetic  field  gé- 
nération in  plasma  is  of  great  importance 
both  for  explanation  of  the  laboratory 
plaama'a  experiments,  in  which  plasma 
absorba  intense  electromagnetic  radiation, 
and  for  astrophysical  applications. The 
mechanisms  propoaed  and  diacussed  preve- 
oualy  deal  mainly  with  the  proceaa  of  am- 
plification of  a  magnetic  field  and  re- 
quire  also  some  initial  magnetic  field. In 
the  présent  report  we  propoae  a  new  ins- 
tability  type  mechaniam, which  résulta  in 
the  grow  of  a  magnetic  field  from  the  le- 
vel  of  the  fluctua tions.This  instability 
occurs  if  the  intense  electroatatic  waves 
in  plasma  are  present.lt  is  closely  relat- 
ed  with  the  modulation  instability  which 
was  widely  discussed  in  literature. 


In  the  latter  the  grow  of  the  density  va- 
riation modulâtes  the  amplitude  of  the 
electroatatic  waves, while  In  the  mechaniam 
proposed  in  the  présent  considération  the 
phases  of  the  electroatatic  waves  are  mo- 
dulated  and  simultaneouflly  the  magnetic 
fielda  are  excited.  Particles  oscilate  in 
electroatatic  waves  v/ith  the  différent  pha 
aea  and  thia  résulta  in  an  envelope  cur- 
rent  and  hence  magnetic  field  génération. 


The  appearing  magnetic  fields  raodulate 
the  phases  of  waves. Thua  a  self amplifica- 
tion of  the  fields  takes  place  and  the 
grow  of  the  magnetic  field  is  exponential 
at  the  initial  stage. This  effects  has  a 
rather  gênerai  character  and  take  place 
both  in  collisional  and  collisionlesa 
plasmas.  Equations  which  describe  it  in 
différent  régimes, dif fer  one  from  the 
other.The  différence  between  frequencies 
of  two  interacting  waves  serves  as  a  cri- 
terion  of  the  ifegime  (collisional  or  col- 
lisionlesa).The  case  COj^- 
ia  a  fréquence  of  the  collision  between 
electrona  and  ions)  corresponds  in  our 
terminology  to  the  collisional  régime. 
While  the  caae  (0^-cOj^>>^e  corresponds  to 
the  collisionlesa  régime.  The  hydrodina- 
mic  équations  can  be  used  to  find  aelfco- 
aiatent  equationa  for  the  amplitudes  of 
a  Langmuire  field  and  génération  magnetic 
fields.  We  vise  the  method  of  [sjto 
describe  the  excitation  of  the  magnetic 
fields. Effecta  of  excitation  of  the  mag- 
netic fields  In  this  method  are  deacribed 
by  the  proceas  connected  with  the  virtual 
transverse  field.  We  write  here  the  re- 
ault  for  an  collisional  régime. 
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(3) 


E     is  the  envelope  of  tangmuire  field, 

pump  source.  The  équation  (3)  describes 

the  thermal  modulation  instability  (dis- 

cussed  preveously  for  the  example  ^3^)» 

The  équation  (2)  is  a  new  one,  One  can 

investigate  the  system  ©f  équations 

(2)»  (3)  for  the  stability  problem  of  a 

monochromatic  pump  if  we  suppose  that  the 

source  compensated  damping  of 

the  pump    £^    due  to  collisions  (which 

are  described  by  term  "£     )for  a 

cOpe 

given  Ko  »  •  I'^*       consider  the  ca- 

se when  one  can  neglect  the  variation  of 
concentration  ^Vu  .  Then,  the  constant 
amplitude  of  monochromatic  pump  wave  with 
frequency  CO^  and  wave  number    Ka  is 
uastable  due  to  the  excitation  of  magnetic 
fields  (even  for    ^vy^O  )«We  find  from 
(1),  (2)  that  this  instability  has  an 
threshold  â.:îl  it-f/é-rfA^T^  ^  ^  ^ 


possible 


Two  cases  are 


le  Vo  «   -7  •  -p  \ 

»  -7^  ;  then  for    K  »Ko 


and  for  k« 


.On  the  other  hand  if 


then  for    K  >,>  we  have 

and  for   k«K«     we  have  X^^J^Vô^). 
In  collisionless  régime, we  should 
use  the  kinetic  équation  and  Maxwell' s 
équations (with  nonlinepr  carrent s) in  or- 
der  to  find  equp tiens  snslogous  to  ("!)» 

(2),  (3).ïïe  obtain  the  following  equp- 
tions  ^2^. 


(5) 


(6) 


The  system(4-6)  lesds  also  to  the  ins 
tality  with  respect  to  the  magnetic 
fields  excitation  for  monochromatic  pump 
wave,  even  if  t>v\=:o   .Tlie  threshold  chpn 
 rr  #^    "  — -r» 


The  growth-rate  for    k  K, 


aud  reaches  the  maximum  value  for 

[1  )  Khakimov  P.Kh.Tsytovich  V.f.JETP  70n 

1785  (1975) 
[2^  Bel'kov  S.A. ,Tsytovich  V.N.prepr int 

Lebedev  Phys.Inst.  N  72  (1978) 
[3^  A.A.Ver jaev,  V.N.Tsyt ovich,  Kratkie 

soobshenie  po  fisike.Ho  4,3'i  (1978) 
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MODULATION  OF  SPECTRA  OF  DRIFT  WAVES  DUE  TO  THE  HIGH-FREQUENCY  FIELDS 
F.F.  Assadulin,  G.M.  Batanov,  A.A.  Veriaev,  A.V.  Sapozhnikov  and  K.A.  Sarksian. 
P.N.  Lebedev  Physiaal  Institute  Aaademy  of  Saiences,  U.S.S.R. 


In  differ  fromtl-4j  we  shall  diacuas 
the  influence  of  lower-hybrid  pump  wave a 

Sound  type  (^>^^-)  drift  waves  in  colli- 
sional  plasma, due  to  drift-diaaipative  in- 
stability,  The  expérimental  résulta  given 
below  include  the  incomplète  auppresion 
and  spectra  modification  of  drift  oscilla- 
tions.Meaaurementa  were  carried  out  at  low 
pump  fields  '^z;,  ,when  there  is  no  pa- 

rametric  excitation  of  acoustic  waves  and 
there  are  no  changea  in  macroscopic  plas- 
ma parameters  (/7/r;,r/7  ,'^).The  parame- 
tera  of  plasma  [5]  are  the  f ollowing :the 
length  of  cylindrlcal  coulumn  of  plasma  = 
100  rm,  the  diameter  =  4  Cm,strength  of 
stationary  magnetic  field,  applied  along 
the  axts        —  400  Gausa,  plaama  density 
/7='10'''^cm~-^,Te=6  ev,  Te/Ti=lO;the  pressure 
of  nonionized  gas(Ar )p!s2^-10"^torr  ,the  size 
of  inhomogeneity  "SL I  -  ^C"*  5''=^® 
quencies  of  drift  waves  C4//2T^  100  kHz. 
High  fréquence  field  =  24  MHz  have 

been  excited  by  two  semicylindrical  plates 
45  cm  in  length.  There  were  [b]  the  Trivel- 
piece-Gould(axisymmetric  modes)  and  disper- 
sion for  Langmuir  waves  4^=(^e^û$<^/»where 
O^/k  QI  .The  relations  between  the  cha- 
racteristic  ftfequencies  in  the  experiraent 
is 

(  \4o    "         frequency  of  collisions  of 
électrons  with  neutrala;the  other  nota- 
tions are  standart  )  .  The  latter  reduces- 
the  possibilities  of  comparison  with  thea- 
retical  calculations (7Jt  which  describ j 

the  linear  stage  of  the  development  of  • 
drift-dissipative  instability  in  the  pré- 
sence, of  the  field  of  a  lower-hybrid  pump 
wave  *  Figure  1  show  the  spectrograms  of 
dr  "ft  waves  ,  derlveij.  from  several  values 


of  the  punrp  field       .  Figure  2  show 
the  increase  of  frequency  of  drift  waves 
û  a),  versus  field  B^.  We  also  measured 
i-he  value  of  plasma  noise    i^fu  (  ^S*') 
r>^/r^V^.  where  i^^/ij;    ^  iôO 
"which  had  been  rçcorded  at  différent 
values  of  U>o     •  This  de- 

pendence  is  given  in  figure  3. The  main  ex- 
périmental results  as  it  may  be  seen  from 
the  captures  are  the  f ollowing: 

1.  There  is  nonthreshold  modification 
of  spectra  of  sound  type  drift  waves  and 
their  incomplète  suppression  with  the  inc- 
rease of^^fast  of  ail  on  the  side  of  high- 
ter  fréquences. 

2.  The  obaeevable  change  in  picks  in 
the  spectra  is  to  the  larger  values  of 
frequsicy  without    the  change  in  values  of 
wave  vectors  at  low  field  { 

and  it  is  auch  that '^'^^  0. 01-0. 1 . 

3.  With  the  incrrase  of         the  inten- 
sity  of  drift  waves  decreases  with  an 
increase  of  pump  wave  frequency  . 

The  problem  of  the  effect  of  a  high 
frequency  field  on  the  drift  instabilités 
(see  réf. Ce, 9])  with  the  electric  field 
per pendicular  to  the  magnetic  field  is 
close  to  expérimental  conditions  of  the 
présent  work,  but  in  our  case  there  is  a 
collision  plasma.  As  that  was  discussed 
in  ref.f?!  from  the  hydrodynamic  approach 
under  the  conditions  '^^>:<U^^,  ^  . 

t  the  f  ollowing  dispersion  équat- 
ion for  the  branch  of  drift  waves  mentio- 
ned  above  has  been  set  up 

where  4//-=  iic-f-^^'/^'^/^^^^y  ^c//S'^^of^ 

l^^'T^//t^.   .Equation  (2)  at  the  expéri- 
mental conditions  ^  K"^  \)€o/c/^2  and  at 
small         leades  to  the  increase  in  the 
drift  wave  frequency  with  Eo  ." 
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When  the  working  fields  to  ^t^^  °^ 
order  of  1  v/cm  this  increaae  in  fréquence 
ia  a  few  percent  of  what  ia  more, the 

characteristic  field         tnodif^ing  spectra 
at  large  values  of  the  drift  wave  fréqu- 
ence CJ^     is  amaller.  The  dépendance  of 

from  ^  ie  linear,which  is  in  a  good 
agreement  with  the  experiment.The  compari- 
son  of  theoretical  calculationa  with  the 
expérimental  résulta  raay  be  only  qualita- 
tive and  ma^  take  place  only  in  the  région 
of  amall        .One  can  refer  (as  it  was  done 
in  other  works  réf. [2,  a\  )  to  the  increa- 
se  in  Landau  datnping  of  drift  waves  follow- 
ing  from  the  incEeasing  CJ^  with  33 
this  mechanism  affect  the  observable  de- 
crease  in  the  amplitude  of  drift  waves, 
Though  this  conception  seema  to  be  very 
ruthfal,  it  ia  neceaaary  to  carry  out  the 
theoretical  investigation  of  the  develop- 
ment  of  dr if t-dissipative  instabilité  in 
the  présence  of  H  P    field  with  the  simul- 
taneous  study  of  Landau  datnping  both  at 
the  linear  stage  and  at  the  stage  of  satu- 
ration of  unstable  drift  waves. 

Thua,  expérimentant  observed  modifi- 
cation of  the  spectra  of  ion-acouatic  ty- 
pe drift  waves  and  qualitative  accordance 
with  expérimental  data  shaw  that  the  H. P. 
electric  field  component  which  ia  perpen- 
dicular  to  the  external  magnetic  field  af- 
fecta essentially  the  dynamic  of  drift 
diaaipative  instabilité  and  can  lead  to  the 
suppression  (at  the  proceas  of  lower-hyb- 
rid  heating  of  plasma)  of  long  wavelength 
potential  (e.i.  dangerous  for  plasma  con- 
finement in  tokamaks,  stellarators  etc.) 


inatabilities. 


=35kHz* 


2tr 
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lon-cyclotron  oscillations  in  plasmas  are 
generally  treated  as  electrostatic  in  most  thé- 
ories, although  it  is  obvious  that  they  are  of 
non-potential  character.  In  this  paper  an  att- 
empt  is  made,  therefore,  to  investigate  aome 
outstanding  characteristics  of  thèse  oscilla- 
tions, assuming  that  they  are  not  electrosta- 
tic. A  uniform  and  infinité  weakly  ionized  pla- 
sma is  considered,  and  it  is  assumed  to  be  pla- 
ced  in  a  homogeneous  and  static  B    parallel  to 
a  constant  d.c.  Eq.  The  ensuing  anomalous  Dopp- 
ler  effect  eventually  gives  rise  to  ion-  (and, 
of  course,  also  électron-)   cyclotron  waves  of 
growing  amplitude.  This  fact  of  spontaneous  ex- 
citation has  been  long  ago  observed  experiment- 
ally  nj,  and  the  value  of  the  threshold  drift 
has  been  found  to  increase  with  électron 

température  (or  rather  with  T^/T^)  ,  but  the 
theoretical  explanations  r3»4]   based  on  the  ass- 
umption  that  the  excited  Waves  are  longitudinal 
were  not  quite  satisf actory. 

In  this  paper  the  problem  of  the  détermin- 
ation of  the  threshold  drift  has  been  reconsid- 
ered  for  the  plasma  described  above,  and  for 
ion-cyclotron  waves  of  non-electrostatic  charac- 
ter. The  threshold  drift  has  been  determined 
from  the  condition  of  marginal  instability, 
Jnv<*}*0  )  and  the  necessary  dispersion  équation 
is  taken  in  the  standard  Fresnel  (rather  than 
Poisson)  form 

d^Ck'^^-K^,-fsf.,)^o,  (1) 

where  are  the  components  of  the  plasma  di- 

electric  tensor.  The  latter  quantities  have 
been  determined  from  tte  kinetic  équations  for 
électron  and  ion  one-particle  distribution  fun- 
ctions,  using  a  modified  BGK  collision  intégral 
for  e-n  and  i-n  elastic  collisions  L^J»  with  a 
Maxwellian  f?  and  a  shifted  Maxwellian  f°.  Af- 
ter  the  standard  procédure  of  linearizing,  app- 
lying  the  Fourier-Laplace  transformations,  ev- 
aluating  the  components  of  the  complex  amplit- 
udes of  the  current  density  perturbation  £6j, 
the  obtained  dispersion  équation  yields  the  fol- 
lowing  expression  for  the  threshold  électron 
drift  for  the  spontaneous  excitation  of  the  m 
harmonie  bf  the  ion-cyclotron  oscillations: 


where'X(zi)   is  a  rather  complicated  function 
of  the  argument  zi  =  k^Ç  •    (        being  the  ion 
Larmor  radius),  which  describes  the  effects  of 
finite  Larmor  radius  in  the  process  of  spontan- 
eous excitation  considered  here.  The  approxim- 
ative expressions  for  this  function  are  différ- 
ent at  Zj^<C1  and  at  Zji>  1   (respectively ,  long- 
wave  and  short-wave  limits,  with  respect  to  ion 
Larmor  radius) .   It  has  been  found  that  in  the 
long-wave  lirait,  the  température  dépendance 
(appearing  through  the  collision  frequencies, 
thermal  velocities  and  the  variable  z^)   of  the 
threshold  électron  drift  for  the  spontaneous 
excitation  of  tt»e  m*^  harmonie  of  the  non-elec- 
trostatic ion-cyclotron  oscillations  is: 

In  the  short-wave  limit,  on  the  contrary,the 
threshold  drift  in  question  is  practically  in- 
dependent  of  the  order  of  the  harmonie  m,  and 
it  is  much  larger  than  in  the  former  case.  It 
is  given  by; 

S-     ï       Kl  Vt<  I  • 

Hence,  in  both  short-  and  long-wave  limits,  a 
température  dépendance  of  the  form  T^/^  is 
found.  This  is  in  accordance  with  the  behaviour 
found  in  ^2^,  which  suggests  that  the  waves 
excited  in  that  experiment  were  not  electrosta- 
tic. It  would  be  of  interest  to  observe  exper- 
imentally  the  Ti-dependance  of  the  threshold 
drift;   in  the  longwave  limit  it  should  be  a 
function  of  m,  according  to  the  theory  develop- 
ped  here . 
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In  1972,  V.E.  ZAKHAROV  [1]  proposed  a 
ich  of  Langmuir  turbulence  based  on  the  tw 
;ing  équations  : 


Ce  A 


(2) 


In  spite  of  its  limitation  to  the  case  of  small 
amplitude  perturbations  (W  «  n^T) ,  this  System  ex- 
hibits  strong  non-linear  effects,  since  the  "Reynolds 
number",  which  can  be  defined  as  the  ratio  between 
the  non-linear  time  scale  and  the  linear  one  i.e. 

ïaches  large  value  for      1^  <<    1  . 


I  dy- 


Vo" 

This  System  has  been  intensively  studied  for  : 
namical  properties  and  to  describe  the  varioui 
by  which  a  cold  Langmuir  gas  becomes  instable 


A  statistical  theory  of  the  large  scale  dynamics 
cannot  be  elaborated  using  conventional  perturba- 
tions expansion,  which  diverges  and  has  an  "infrared 
catastroph".  F.Kh.  KHAKIMOV  and  V.N.  TSYTOVICH  [2  ] 
proposed  a  first  statistical  theory  of  the  Langmuir 
condensate,  based  on  a  double  averaging  technique. 
The  "renormalization  group"  method,  introduced  by 
K.  WILSON  in  1972  [3]  to  describe  critical  phenomena 
was  fruitfully  applied  in  various  fields  of  physics. 
Initially  formulated  for  static  problems,  the  method 
bas'  been  generalised  to  dvjnamical  problems,  and  has 
been  recently  used  with  success  for  large  scale 
hydrodynamic  turbulence   [4  ]. 

The  pufpose  of  this  communication  is  to  indicate 
how  this  new  method  is  handled  on  a  System  close  to 
the  System  (l)-(2),  why  it  is  convenient  for  solving 
thé  statistics  of  the  Langmuir  condensate,  and  what 
are  the  first  few  results. 

We  complète  the  two  équations  (l)-(2)  by  intro- 
ducing  Landau  dampings  and  two  sources  of  excitati- 
ons :  random  forces  in  (1)  and  random  inhomogeneities 


aling  with  the  following  System 
ent  reduced  Fourier  variables 


(3) 


(t)    =  AaG^Uj  *  ut  +  G^i>  (4) 
is  the  linear  Green  function  which  propagates 
the  Langmuir  envelopes  :  Gi   =[a)-(jjQ-Ok   +  iyj  (k)J  ~^ 
(jO^  is  the  frequency  shift,  égal  to  zéro  before  any 
renormalization  ;  0  describes  thermal  dispersion, 
Yi   is  the  Landau  damping.  G^   is  the  Sound  wave  Gree 
function  :  G2  =  k^Loj^  +  liy^^  -  aY^'^  .  The  symbol  * 
represents  the  convolution  of  the  Fourier  compo- 
nents  in  te  and  co .  Ai   and  X2are  the  coupling  parame- 
ters.  The  excitations  fi  and  ^  have  spectra  which 
are  supposed  to  be  truncated  at  an  ul traviole t cut- 
off  kg,  close  to  k^.  The  dynamics  are  determined  by 
the  two  Green  function,  the  two  couplings  and  the  2 
excitation  corrélation  functions. 

A  transformation  Tg  of  the  renormalization 
group  modifies  ail  thèse  six  functions  in  two  step 
(sometimes  it  can  also  generate  new  couplings) .  Th 
first  step  consista  in  eliminating  the  small  scale 
degrees  of  freedom,  the  wave  numbers  of  which  are 
in  the  interval  [k^/g,  k^] .  The  influence  of  small 
scale  fluctuations  on  large  scale  dynamics  in  then 
described  in  renormalizing  the  six  functions  menti 
oned  above,  by  a  technique  similar  to  that  develo- 
ped  in  ref  [5].  In  particular  the  Green  functions 
are  modified  by  the  self-energy  corrections  Ii  and 
in  accordance  with  Dyson  équations  : 
G^'  =  -  (5)      G~^  =  Gj'  -  (6) 

Anyway  it  can  be  shown  that  the  coupling  parameter 
Aj  and  A^are  also  changed  in  A^,  A^ ;  a  renormaliza- 
tion of  the  excitation  corrélations is  also  necessa- 
ry.  The  second  step  consists  in  performing  scaling 
transformations  ;  changing  k  in  k'  =  sk,  the  cut- 
off  is  again  at  k^ .  Ail  the  quantities  are  then 
changed  with  appropriate  scaling  factors  which  are 
powers  of  s. 


The  large  scale  properties  of  the  System  are 
found  after  many  itérations  of  the  renormalization 
group  transformation.  Obviously  thèse  properties  can 
be  found  if  the  six  above  mentioned  functions  acquire 
a  fixed  form,  with  only  few  evolving  parameters  con- 
verging  towards  a  stable  limit   (the  fixed  point) . 

a)  Modification  of  the  Green  functions 
Starting  with  the  usual  linear  Landau  damping  in  G i , 
the  renormalization  group  générâtes  a  non-linear  dan- 
ping  rate,  which  reveals  the  existence  of  a  dissipa- 
tion on  the  large  wave  length.  There  are  two  scat- 
tering  processes  which  play  a  rôle  :  on  the  one  hand 
large  k  sound  waves  modulate  small  k  Langmuir  waves. 


and  thèse  modulations  ar( 
trons  (1-s-e  scattering) 
modified  non-linear  Landi 
transfer  towards  large  k 
weak  turbulence.  So  the  ; 
can  be  expressed  : 

Yi   =  Yo  +  +  oCk"*) 

and  G)  is  character ised  by  four  evo; 
Ob'  Q.    Yo'  V. 

The  usual  perturbation  theory  wi 
order  modification  of  Gj  which  leadi 
known  c 


sorbed  by  the  fast  elei 
n  the  second  hand,  a 
ffect     causes  an  energ; 


ary  to  its  effei 
lized  damping  r; 


mg-i 


cay  : 


stabi: 


the  selei 


ail 


tion  of  large  scale 
ones  does  not  déstabilise  G     ;  only  the  parameter  a 
is  modified. 

b)  Modification  of  the  excitation  corrélations. 
It  can  be  shown  that,  starting  from  any  excitation 
corrélations,  bounded  in  the  large  scale,  the  renor- 
malization group  générâtes  white  noise  excitations, 
characterised  by  their  amplitude  parameters  andD^: 
d+l 


<f.(k,U))fj(k',CO 


:  21^- 


■  (2tt)     «k  +  kOôCo)  +0)') 
(8) 


>  =  2D^(2^)" 
rations,  the  : 


ali: 


group  makes  the  excitation  corrélations  evolve  in 
simply  changing        and       .  The  universal  properties 
of  the  large  scale  proceed  from  that  resuit. 

c)  Modification  of  the  couplings 
The  renormalization  group  transforms  the  couplings 
simply  by  changing  the  two  parameters        and  » 
thèse  modifications  take  properly  into  account  dif- 
férences with  gaussian  statistics,  due  to  the  qua- 
dratic  couplings. 


We  indi( 


ults  under  the  assumpt: 


the  'televant"  dynaraics  are  subsonic  for  the  largest 
wave  length.  Then  there  are  two  possible  situations 
The  simplest  situation  is  obtained  when  y ^  is  rele- 
vant ;  it  means  physically  that  the  1-s-e  scattaring 
is  the  main  absorption  for  small  k.  The  évolution 
of  the  set  of  parameters  towards  a  fixed  point  is 
controlled  by  the  following  quantities  : 


the  "Reynolds  numbei 


the  "Kubo  number' 


X  X  - 


XI  —  ^ 


(10) 


(11) 


Yo 


Thèse  two  numbers  scale  as  s"''  ;  so  for  every  posi- 
tive dimension  of  space  the  couplings  vanish.  The 
dynamics  are  therefore  asymptotically  free  (trivial 
fixed  point)   ;  the  infrared  modes  are  gaussianly 
distributed,  with  a  Reyleigh-Jeans  spectrum. 

Another  situation  is  obtained  when  Yg 
vanishes,  the  dissipation  being  described  essenti- 
ally  by  vk    in  (7).  The  convenient  "Reynolds  number' 

y  =     X      X  ^k^-'  (12) 

(13) 


and  the  "Kubo  number' 


But  now,  y 
the  asymptoi 


In  3  dii 


exp  an  s 


as  s  ~    and  y^  as  s       ,  and  theifaci 
;dom  is  obtained  beyond  the  c 
lension  d^  =  4,  anyway  y^  vanishes  for  d 
lensions,  couplings  are  relevant  and  produce 
sian  fields  ;  but  the  investigation  of  the 
vial"  fixed  point  is  possible  owing  to  an 
on  in  e  =  4  -  d.  The  detailed  theory  will 
be  published  later  on.  At  the  transition  Y^  =  0, 
the  energy  spectrum  is  like  k'^"'  and  the  density 
fluctuations  is  white  noise,  in  agreement  with 
KHAKIMOV  and  TSYTOVICH  prédictions  for  the 
condensate . 
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iSTABILITES  A  FAISCEAUX  TOURNANTS  MULTIPLES  DANS  LES  FAISCEAUX 
IONS  NEGATIFS  UTILISES  A  LA  GENERATION  DE  FAISCEAUX  DE  NEUTRES 

J.M.  Dolique. 

Physique  des  Plasmas,  Université  Scientifique  et  Médicale  dB  Grenoble,  BP  53  X,  38041  Grenoble  cedex, 
France . 


Dans  le  chauffage  additionnel  par  faisceaux  de 
leutres  des  plasmas  de  fusion  magnétique,  l'énergie 
risée  maintenant  dépasse  les   150  keV.  La  dimension 
!t  la  densité  de  plus  en  plus  grandes  des  plasmas 
lans  les  grosses  machines  pour  la  fusion,  tokamaks 
)u  miroirs,  appellent  en  effet  des  énergies  de  plus 
m  plus  élevées,  si  l'on  veut  que  le  faisceau  pénè- 
:re  suffisamment  le  plasma  à  chauffer.  A  ces  éner- 
gies le  rendement  de  l'échange  de  charge,  par  lequel 
m  passe  d'un  faisceau  d'ions  deutérium  accélérés 
i  un  faisceau  de  neutres  D°,  est  nettement  plus 
faible  si  l'on  neutralise  des  D+  que  si  l'on 
leutralise  des  D~ . 

C'est  pourquoi  un  important  effort  est  fait 
ictuellement  [  1  ]  aux  Etats-Unis,  en  URSS,  au  Japon 
;t  en  France,  à  Grenoble,  au  Commissariat  à  1' Ener- 
gie Atomique,  pour  produire  et  accélérer  des  fais- 
;eaux  intenses  d'ions  négatifs.  Plutôt  que  l'extrac- 
:ion  directe  d'une  source  de  tels  ions,  la  méthode 

iouble  échange  de  charge  :  un  faisceau  d'ions  posi- 
:ifs-de  deutérium  d'énergie  relativement  faible 
[quelques  keV)  est  transformé  sur  une  première 
;ellule  d'échange  de  charge  en  un  faisceau  de  D~. 
Vprès  transport  sur  une  distance  de  glissement  qu'on 
le  peut  guère  réduire  à  moins  d'un  mètre  environ. 
Le  faisceau  est  accéléré  à  150,  200  keV  ou  plus  et, 
îvant  sa  pénétration  dans  la  machine  de  fusion, 
neutralisé  sur  une  deuxième  cellule  d'échange  de 
:harge,  en  le  faisceau  de  D°  souhaité.  Les  phases 
le  transport  en  espace  de  glissement,  puis  ulté- 
rieurement d'accélération,   soulèvent  de  très  dif- 

le  neutraliser  la  charge  d'espace  de  faisceaux  dont 
pervéance  et  facteur  de  courant  sont  élevés,  sans 
pour  autant  détruire  les  fragiles  D~. 

"  Une  première  voie  explorée  consiste  à  provoquer 
cette  neutralisation  de  charge  d'espace  par  ionisa- 
pression  moyenne  ("^  10      torr)  dans  l'espace  de 


glissement.   11  semble  qu'on  soit  encore  loin  de 
maîtriser  cette  méthode. 

Dans  une  seconde,  proposée  en   1977  i2J,  un  très  bon 
vide  règne  dans  l'espace  de  glissement,  et  la  charge 
d'espace  du  faisceau  de  D~  est  neutralisée  par  les 
ions  positifs  qu'il  entraîne  depuis  la  cellule 
d'échange  de  charge.  L'addition  d'un  champ  magnéti- 
que axial  de  confinement  [3]  permet  d'être  moins 
exigeant  sur  la  qualité  de  la  neutralité  en  charge 

Par  contre,  cette  introduction  d'un  champ  ma- 
gnétique pourrait  donner  naissance  à  des  instabili- 

qu'on  examine  ici. 

A  la  sortie  de  la  première  cellule  d'échange  de 
charge  qu'on  supposera  être  constituée  de  césium, 
les  ions  entraînés  par  le  faisceau  de  D    sont  des 
Cs"*"  avec  inévitablement  sans  doute  des  électrons. 
On  peut  admettre  qu'il  n'y  a  plus  de  D+ .  Quant  aux 
D°  ils  ne  jouent  aucun  rôle  dans  les  effets  de 
plasma  étudiés. 

Si  p  =  In^q^  est  la  densité  de  charge  globale 
(a  =  e,  +  pour  Cs"*",  et  -  pour  D~  ;  ng  densité  en 
particules  a  de  masse  ma  et  de  charge  qg)  une 
condition  nécessaire  et  suffisante  d'équilibre  ma- 
croscopique pour  un  faisceau  mixte  froid  de  D~,  Cs'*', 
e~,  radialement  et  axialement  homogène,  de  rayon  Rp, 
est  : 

fi^  >    (2qa/eoma)p  (1) 

où  Qa  gyrofréquence  pour  les  particules  a. 

Il  suffit  pour  assurer  (1)  que  B>    (2  |  p  |m_/c^e)  ^ ''^ 
si  le  faisceau  est  sous-neutralisé  (p  <  0)  ou  que 
B  >    (2pm+/£oe)        si  le  faisceau  est  sur-neutral isé 
(p  >   0).  Pour  un  faisceau  de  D~  de   10  mA/cm^  à  3  keV, 
ceci  conduit  à  B  >  0,94  ^(a  >   0)  ou  B  >  7,67  /[^ 
(a  <  0)  où  a  =  -p/n_e  et  où  B  est  en  teslas. 

Le  champ  magnétique  étant  suffisamment  intense 
pour  assurer  cet  équilibre  macroscopique,  il  reste 
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à  en  rechercher  la  stabilité.  En  se  limitant  à  des 

perturbations  électrostatiques  de  faible  amplitude, 

on  trouve,  par  développement  en  modes  normaux  du 

système  des  équations  macroscopiques,  fermé  par 

l'équation  de  POISSON,  la  relation  de  dispersion  : 

"^ai  J)(T  R  ) 

o  =  D£(kz,aj)  =  f^  -  (1  -  E.  -^)T£Rp  -L_jL_ 


j£(T£Rp) 


Pai  avi 


(2) 


^aiC'^-kzV^-^^i) 
où      est  le  nombre  harmonique  azimutal  (0,    1,  2,...), 
le  nombre  d'onde  axial,  désigne  la  fréquence 

angulaire  du  rotateur  rigide  droit  (i  =  D)  ou 
gauche  (i  =  L)   :  =  -{z^j2){  1  ±[  1  -  "i^  ^ep  Iz  ^mg^ 

fia]'''^}»  (^avi        fréquence  angulaire  de  vortex 
associée,  ^ai  ~  ^'^  ~ '^'z^az  ~  "^ai^^  ~^avi' 

-  -^ai^  ^    '  *^p  ■  ^  "^ai®  /^o'^a»  °û  nai  désigne  la 
densité  du  rotateur  rigide  i,  droit  ou  gauche 
('^p^P  +  OJp^^  ~  '^p  ^'     t  fonction  de  Bessel  de 
première  espèce  d'ordre  1 .  f £  =  k^RpC K^Ck^Rc) 
^^(k^Rp)  -  K^Ck^Rp) I^Ck^R^)] /[  K^(k^Rc) I^(kzRp) 

-  K£(k2Rp)l£(k2R(;)]  ,  où  R^.  est  le  rayon  de  l'en- 
ceinte conductrice  limitant  radialement  l'espace 
de  glissement,        et        les  fonctions  de  Bessel 
modifiées  d'ordre  l.  Enfin        =  sgn  q    et  v"^  est 
la  vitesse  axiale  d'équilibre  du  fluide  a. 

Les  ions  du  faisceau  étant  produits  dans  la 

cellule  d'échange  de  charge,  on  a  par  raison  de 

symétrie  :  0J_  ^  =  oj        =  o)  12. 

PaD        PaL  pa' 

Pour  les  ondes  longues  (k2  <<  Rp  )  qui  sont 

les  instabilités  les  plus  dangereuses,  on  déduit  de 

(2)  une  relation  entre  £  et  la  fréquence  réduite 

=  X,  qui  est 


Dans  le  cas  limite  d'un  faisceau  de  D~  pur,  le 
fondamental  I,  =  1  et  le  premier  harmonique  £  =  2 
sont  stables.  Pour  t>   2,  la  stabilité  est  assuri 


•  (Rp/Rc)^ 


Il  suffit  pour  cela  que 


'-crit 


Comparée  à  la  condition  d'équilibre  macros- 
copique (1),  qui  s'écrit  encore  ri_/n_(,j-£t;  <   1  ,  on 
voit  que  la  stabilité  exige,  à  champ  magnétique  de 
confinement  donné,  une  diminution  relative  de  la 
densité  maximale  de  25%. 

Dans  le  cas  général  d'un  faisceau  de  D 
partiellement  neutralisé  par  des  Cs"*"  et  pollué 
d'électrons,  le  domaine  de  stabilité  S(y_,  Y+.  Y  ) 
est  discuté  en  fonction  de  y_  et  de  Y+/Ye  P°ur 
Y  =  Y-      Y+      Ye  =  ~  ' /8  (la  condition  d'équilibre 
macroscopique  est  y  >  -  1/4). 
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(2x  +  £Ag)^  +  Aa(Aa  -  4y)  t{l  -  2) 
[(2x  +  £Xa)'-  -^'^^CAa-  ^Y^  l[(2x  +  £Aa)'  "  ^^K'^a" 
(3) 

'ma  sont  donnés,  Ya  ~  ^a'^^^'^-crit 


où  les        =  e  m_/ma  sont 
où        =  n^q^  et  =  Z^h\/2m.,  y  =  ^Yg 

=  (y4en_^j.£^. 

Le  domaine  de  stabilité  est  le  domaine  de 
l'espace  des  y^  pour  lequel  les  zéros  de  D^  sont 
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NONLINEAR  WAVE  INTERACTION  AND  CRITICAL  FLUCTUATIONS  IN  PLASMAS 


A.G.  Sitenko. 

Institute  for  Theoretical  Physias,  Aoademy  of  Saie'naes  of  the  Ul<rain: 


'         The  spectral  distribution  of  plasma 
fluctuations  has  a  broad  maximum  in  the 
low  frequency  domain,  which  is  due  to  the 
random  motion  of  the  individual  particles , 
and  a  set  of  sharp  maxima  at  plasma  eigen- 
frequencies.  Thèse  sharp  maxima  are  ca- 
used  by  the  collective  fluctuations,  i.e. 
the  plasma  random  eigen  oscillations.  The 
equilibrium  collective  fluctuation  level 
is  govemed  by  the  température;  it  grows 
essentially  in  nonequilibrium  plasmas, 
especially  if  the  plasma  state  approaches 
the  kinetic  Instability.  This  growth  is 
infinité  in  linear  approximation,  which 
indicates  that  the  linear  approximation 
is  inadéquate  under  such  conditions.  So 
one  must  take  into  accound  the  nonlinear 
effects  [l]  ,  which  lead  to  the  saturation 
of  the  critical  fluctuations. 

When  investigating  the  nonequilib- 
rium fluctuations  it  is  convenient  to 
utilize  the  nonlinear  field  équation, 
which  follows  directly  from  the  Maxwell 's 
équations  and  the  microscopic  density 
équation  that  describes  the  stochastic 
particle  motion  in  plasmas.  The  nonlinear 
wave  interaction  is  manifested  most 
clearly  when  the  frequencies  and  the  wave 
vectors  satisty  the  résonance  conditions. 
The  simplest  example  of  the  résonance 
wave  interaction  is  the  three-wave  one 


that  causes  the  decay  or  the  explosive 
instabilities.  In  case  the  three-wave  ré- 
sonance conditions  are  not  satisfied,  the 
résonance  interactions  of  four  or  more 
waves  become  important.  One  of  the  most 
significant  effects  that  arise  due  to  the 
four-wave  résonance  interaction  is  the 
frequency  shifts  of  the  interacting  waves. 
In  particular,  the  résonance  interaction 
in  plasmas  causes  the  nonlinear  shifts 
of  the  eigenfrequencies. 

The  nonlinear  eigenfrequency  shift 
ACù^  of  a  longitudinal  wave  with  the  eigen- 
frequency 0)^  and  the  wave  vector  /  is  a 
function  of  the  wave  intensity       and  the 
plasma  nonlinear  susceptibilities : 


A  u) 


(1) 


(2) 


The  proportionality  coefficient  is 
equal  to  zéro  in  a  cold  plasma,  i.e.  the 
nonlinear  wave  interaction  does  not 
change  the  eigenfrequencies  of  cold  plas- 
mas. 

As  an  example  consider  the  Langmuir 
wave  eigenfrequency  shift  in  isotropic 
plasmas  [2,3].  The  hydrodynamic  treat- 
ment  of  the  électron  motion  in  neglect 
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(3) 


of  that  of  ions  leads  to 

However  the  hydrodynamic  description  is 
valid  provided  that  the  particle  thermal 
velocity  is  small  not  only  compared  to  the 
wave  phase  velocity,  but  also  in  compari- 
son  with  the  phase  velocities  of  the  pul- 
sations. As  the  Langmuir  v/aves  do  not  sa- 
tisfy  the  second  condition,  then  the  hy- 
drodynamic approximation  should  not  be  ap- 
plied  when  calculating  the  nonlinear  shift. 
The  kinetic  approach  results  in 

ft    =  J_  A-  ±4-  (4) 

Note,  that  the  kinetic  jR^  turns  out  to  be 
zéro  at  T  =  0  similarly  to  the  hydrodyna- 
mic one.  However  the  absolute  values  of 
the  nonlinear  eigenfrequency  shifts  are 
différent  for  the  two  approaches.  The  ion 
motion  may  be  neglected  if   câl:'^  >  , 
otherwise  it  must  be  taken  into  account. 

The  average  intensity       of  the  equi- 
librium  plasma  eigenoscillations  is  go- 
verned  by  the  température  T.      of  nonequi- 
librium  plasma  may  differ  essentially  from 
the  equilibrium  value,  thus  making  it  very 
important  to  take  into  account  the  nonli- 
near eigenfrequency  shifts.  The  spectral 
distribution  of  the  electric  field  fluc- 
tuations in  nonequilibrium  plasmas  is 

where  tO^  is  the  eigenfrequency  taking  into 
account  the  nonlinear  wave  interaction, 
and 


(6) 


Since  the  eigenfrequency  u>^  is  a  function 
of  Ij.,  we  can  use  (6)  as  an  équation  for 
l^,  which  is  the  fluctuation  intensity  in 
the  instability  région.  The  existence  of 
a  solution  for  this  équation  implies  that 
the  wave  interaction  drives  the  uns table 
plasma  to  some  stationary  s ta te.  The  solu 
tion  itself  détermines  the  stationary  le- 
vel  of  the  critical  fluctuations. 

Two  examples  have  been  considered 
that  illustrate  the  nonlinear  saturation 
of  the  critical  fluctuation  level  in  non- 
equilibrium plasmas:  fluctuations  in  a 
plasma  with  a  low-density  compensated 
particle  beam  [2],  and  those  in  a  magneto- 
active  plasma  with  an  anisotropic  particle 
distribution  [4]. 
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STUDY  OF  LOW  FREQUENCY  OSCILLATIONS  IN  THE  OPEN  TRAP  WITH  MINIMUM  B  MAGNETIC  FIELD 

V.A.  Ziltsov,  P.M,  Kozarev,  I.N.  Makashin,  D.A.  Panov,  A.A.  Skovoroda  and  A.G.  Scherbakov. 

Kurohatov  Institute  of  Atomia  Energy,  Moscou,  U.S.S.R. 


In  the  minimum  a  oy^n  traps  at  the  ^en- 
sity  cj  oi^-o;^^    ,when  a  fluit  instability 
is  dampecl,it  has  been  experimentaly  ob- 
served  the  présence  of  low  frequency  dri- 
ft  oscillations/1, 2, 5/ .Tiie  origins  of  the 
oscillations  and  there  rôle  in  transport 
phenomena  were  not  investicated  in  thèse 
références. In  ref./4/  the  existence  of 
mechanism  of  ions  trasport  across  magne- 
tic  field  due  tp  the  action  of  drift 
(LF)  and  ion  cyclotron  (HP-) oscillations 
was  experimentaly  shown.In  this  paper 
the  properties  of  LF  oscillations  and 
causes  of  there  rise  In  minimums  field 
were  investigated. 

The  experiments  were  carried  out  with  the 
open  trap  "Ogra-JB"  with  minimum  magnet 
set.Magnetic  field  with  17  kG  strength 
in  the  center  was  fabricated  from  baseba- 
11-tipe  coll. The  distance  between  mirrors 
was  70  cm. Longitudinal  and  radial  mirror 
ratio  were2,o6  and  2  ,respectively.The 
maximum  plasma  parameters  in  the  middle 
of  the  trap  were:density  ^  io''*^cm"^» 
électron  température  0,bkeV,plasma  life- 
time  1  sec(it  was  determlned  by  charge 
exchange  process), plasma  radius  7  cm, 
plasma  length(along  Z  axis)7cm  . 
LP  and  HP  oscillations  were  measured  by 
the  set  of  electrostatic  antennae , dispo- 
sed  at  the  plasma  midplane  and  along  mag- 
netic  force  lines.LP  oscillations  of 
"cold  ion"  and  électron  flows  along  for- 
ce lines  were  measiired  too .Fluctuations 
of  the  électron  density  in  the  center  of 
the  trap  were  measxired  by  absorption  of 
super  high  frequency (SHP)  electromagnetic 
wave  at  the  électron  cyclotron  frequency 
/V.The  measurements  of  fluctuations  of 
density  and  flows  gave  us  an  opportuning 
to  obtain  some  of  the  properties  of  oscil- 
lations in  plasma  interior. 
Let  us  consider  the  conditions  of  LP  wa- 
ves exitation.The  exitation  can  be  "soft" 
at  low  density  (  n<^  lO^cm"^^ »*^®^ 
lotron  fluctuations  are  8bsent(Fig.1). 
The  cyclotron  oscillations, arising  at  the 
density  n>^  io^cm"^  (threshold  dépends 
on  the  magnetic  field  value ),have  a  burst 
Btructure.They  lead  to  the  hard  exitation 
of  lowfrequency  oscillations(Pig.2)  with 
E  field  anrplitude  about  some  tens  V/cm. 
The  bursts  of  HP  oscillations  are  accom- 
panied  by  the  Jumps  of  plasma  potential 


with  an  aiiç)litude  about  some  hundreds  V, 
LP  oscillations  can  be  also  exited  after 
switching  off  the  beam,when  plasma  density 
is  falling  down  and  cyclotron  fluctuations 
are  damped  with  help  of  électron  heating 
(Pig.5).The  LP  oscillations  spectrum, 
measured  by  bhe  electrostatic  antenna  set- 
tled  at  the  midplane  (1),by  an  absorption 
of  SHP  wave  {2)  and  by  électron  flow  are 
similar(Pig.4).Some  differance  of  the 
amplitudes  of  the  separate  constituents 
of  spectrum  is  explanea  by  the  spatial 
localization  of  oscillations    with  diffé- 
rent radial  structur.LP  oscillations  are 
rather  regular  between  HP  bursts. During 
the  b\irst  sharp  rebuilding  of  LP  oscilla- 
tions takes  place (the  time  less  than  LP 
oscillations  period).Time  interval  between 
the  HP  bursts  dépends  on  the  plasma  densi- 
ty and  can  be  rather  small(some  msec). 
It  was  possible  in  oxir  ejcperiments  to  re- 
çoive LF  spectrum  during  the  time  less  t 
than  1  msec.At  the  same  time  the  oscilla- 
tions of  the  cold  ions  flow  (2)  and  the 
oscillations, measured  by  the  electrosta- 
tic antenna, pl ace d  at  z=20cm,have  in  prin 
cipal  lower  frequency(Fig.5) . 
For  the  sinrple  model  of  plasma  column 
with  a  parabolic  radial  distribution  of 
density  the  dispersion  relation  for  LP 
oscillations  can  be  writen  as  in  Ref .6 

2    2u;^.m  , 
X.    =  2i__(  1/u)   -  1/(60)+  muf)  ) 

where    m  -  azimuthal  mode  number,  a  -  plas 
ma  radius, oj*-  frequency  of  ion  drift  in 
inhomogeneous  magnetic  field,ae  -  characte- 
ristic  radial  wave  niunber,  de  termine  d  from 
the    boundary  conditions. This  équation 
gives  two  différent  branches  of  stable 
oscillations: électron  and  ion. This  branc- 
hes for    m=1  are  shown(the  solid  lines 

-  eaperiment)  in  Pig,5.The  value  of 
in  équation  was  taken  to  normalize  the 
lowest  radial  mode  électron  brunch  theore- 
ticed  dependence  on  the  expérimental  poi- 
nts.Drift  freguencyco*  was  estimated  from 
ion  brunch  measurements. Experimentaly  the 
frequency  values  were  received  by  help  of 
electrostatic  antenna  that  were  disposed 
at  the  midplane. The  plasma  rotation  in  the 
ambipolar  electric  field  introduces  a  con- 
tribution to  thèse  frequencies.The  value 
of  positive  potential  grows  propartionaly 
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to  the  denaity  up  to    ^  io^cm~^ 
density  the  potential  is  about 
frequency  of  plasma  rotation 


.At  this 
kV.The 


'  10®)^/  a^B 

.5 


is  about  1-1,5  lo''  sec    ,It  rises  some- 
what  the  frequency  of  électron  brunch  and 
decreases  that  for  ion  brunch. Fig. 7  shows 
a  fast  Scan  of  the  électron  brunch  oscil- 
lations (1)  at  the  moment  when  the  burst 
of  EF  oscillations  takes  place  and  plasma 
potential  changes  sharply  (2). 
Fig, 6  shows  that  the  électron  and  ion  bru 
nches  of  LF  oscillations  exist  in  the  pla 
sma.The  dispersion  of  expérimental  points 
is  connected  with  exitment  of  the  diffé- 
rent radial  modes, Note  that  thèse  brun- 
ches  are  neutraly  stable , Electron  and 
ion  oscillations  have  a  positive  energy, 
When  the  density  n  <  ^  I0^cm"^  fluc- 
tuations may  be  exited  by  noises  of  in^jec 
ted  beam,The  measured  specl;r\im  of  beam 
fluctuations  is  practicaly  white  up  to 
the  frequency  about  200  kHz, An  amplitude 
of  the  polarization  electric  field  by 
ionization  is  large  too.LF  oscillations 
at  lead  to  an  appearence 

of  anomalous  potential, discussed  in  /5/« 
If         ^  -5    HF  oscillations  arise 

n  >  "    lO  cm 

and  appearence  of  LF  oscillations  is  cor- 
related  with  the  beginning  of  HF  oscilla- 
tions,Let  us  note  that  LF  oscillations 
exists  much  more  longer  than  HF  burst 
(Fig. 2), 

•Thus  LF  oscillations  in  the  frequency 
range  up  to  500  kHz  take  place  in  the 
open  trap  with  minimum  B.Ion  and  électron 
branches  of  oscillations  are  observed. 
It  is  shown  that  they  may  be  exited  by 
injected  beam  noises  and  cyclotron  oscil- 
lations 


Fig.1 


Fi6.4 


Fig.5 


Fig.5 


Pig.2 


10  ^s«c 
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ECR  AS  A  DIAGNOSTIC  FOR  MIRROR  TRAP  PLASMA 
A.A.  Skovoroda  and  V.A.  Ziltsov. 

Kurchatov  Institute  of  Atomic  Energy,  Moscou,  U.S.S.R. 


When  the  electromagnetic  (E.M.)  wave  pro- 
p agate s  along  the  Z  axis  of  a  mirror  trap 
and  the  condition  tùce  max>U)>(A)ce  min  ia 
satisfied,where  <^    -  the  oscillation 
frequency,   U)  ce  max,]nin  -  maximal  and  mi- 
nimal électron  cyclotron  frequencies,the 
électron  cyclotron  résonance  (ECR)  takes 
place  in  iixed  points  Zr,where  U)  =^q(^\^» 
It  is  known  that  the  transmission  coeffi- 
cient of  right-handed  polarized  E.M.  wave 
(the  electric  vector  of  the  field  rotâtes 
in  the  same  direction  as  the  électron  in 
the  magnetic  field)depend8  on  the  élect- 
ron dencity  n(Z)  and  the  magnetic  field 
gradient  at  the  point  Zr  /*^/, 
It  is  clear  that  the  measurement  of  the 
transmission  wave  power  can  be  used  for 
the  détermination  of  the  Z  local  électron 
density.The  locality  of  the  measurement  in 
the  transverse  direct ion( normal  to  the 
magnetic  field  direction) is  done  by  emp- 
ioying  of  directional  antennae. 
Measurements  of  électron  density  by  the 
method  above  were  carried  out  on  the  mir- 
ror trap  with  minimum  B  "Ogra-3B".The  plas 
ma  with  density  less  than  2*lo''*^cm"^ 
produced  by  the  injection  of  20  keV  neut- 
ral  hydrogen  beam  with  the  current  0,5  A 
during  1  sec.The  steady  magnetic  field 
in  the  trap  centre  was  less  then  1?  kG,the 
longitudinal  mirror  ratio  was  2. The  charge 
exchange  life-time  was  0,5-1  sec. 
Two  rectangular  hom  antennae  for  8  mm 
K.M.  waves  were  placed  along  Z  axis  (100 
cm  between  hornsj.In  this    measurement  the 
trans verse  locality  was  less  cuan  5  cm. The 
longitudinal  locality  is  equal  to  the  di- 
mension of  the  résonance  zone  i^^^^/zv)^^^ 
«;i,hereU)^^(Z)  =0J^  Mn^'^^^V)»  Pe  " 
électron  larmor  radius .We  used  a  plane  - 
polarized  wave,which  is  the  superposition 
of  oscillations  with  ciroular  polarization 
The  left-handed  polarized  E.M.  wave  have 
no  absorption  at  ECR.It  is  necessary  take 
into  acco\mt  this  fact  in  the  experiment. 
At  the  wave  propagation  through  a  magnetic 
trap  there  are  two  résonance  points. The 
présence  of  several  résonance  points  can 
lead  to  the  "translucence"/3/ .We  note  that 
the  expérimenta    have  revealed  no  "translu 
cence"  in  our  conditions, when  Li«>A(  - 
the  distace  between  the  reaonanée  points, 
X  -  the  wave  length)and  the  small  fluc- 
tuations makes  the  wave  phase  stochaatical 


There fore  the  électron  density  was  calcu- 
lated  from  relation  p 

t  =  exp(-2^),^=  -^V-  » 

where  t  -  the  transmission  power  coeffici- 
ent of  right  circularly  polarized  wave, 
CO      -  the  électron  plasma  frequency, c  - 
ligfit  vilocity,  I^=CdB/^)-lB 

Factor  two  in  the  exponent  is  the  resiilt 
of  the  présence  of  two  résonance  points 
with  the  same  P    .In  our  experiment  we  ha- 
ve measured  power  P=W-W., where  W  -  the 
wave  power, W^^  the  transmission  .wave  power. 
In  the  expérimental  conditions    Jî>  <  1  and 
therefore  P~n  .The  continuons  measvirem- 
ent  of  P  is  the  continuous  measurement  of 
n(T),here  T  -  time. 

Fig.l  shows  the  example  of  électron  den- 
sity measurement  by  this  method  in  the 
trap  centre. I^  and  I^  are  the  injection 
current  and  the  flxix  of  cold  ions  along  Z 
axis  consiguently.Iç  is  proport ional  to 
plasma  and  background  geis  densities.One 
can  conclude  from  fig.1  that  the  sharp 
change  of  the  flux  I    after  the  injection 
awitching  is  due  to  £he  improvement  of 
vacuum  conditions.Thus  the  measurement  of 
P  allows  to  détermine  not  only    the  densi- 
ty, time  and  character  of  plasma  build-up, 
but  the  change  of  the  pressxire  of  the 
background  gas  during  the  injection. 
By  changing  of  the  spatial  attitude  of  ré- 
sonance point  Zr  we  obtain  the  distributi- 
on n(z),which  can  be  used  for  the  détermi- 
nation of  the  ion  vilocity  distribution 
function.The  distribution  n(z-)  was  measu- 
red in  the  expérimenta  continuously  by 
me ans  of  three  générât or s  with  the  fixed 
frequencies,i.e.of  the  three  points  Zr. 
The  oscillation  amplitude  of  thèse  genera- 
tora  was  modulated  at  three  various  frequ- 
encies  (several  kHz).We  used  one  waveguide 
for  the  probing  microwave  signala. Thèse 
measTirements  have  ahown  that  the  distribu- 
tion n(z)  does  not  dépend  notice ably  on 
présence  of  the  ion  cyclotron  instability, 
i.e.ions  diffuse  in  the  trasverae  directi- 
on. In  addition  the  measurement  of  n(z) 
makes  it  possible  to  draw  a  conclusion 
about  the  électron  diffusion  in  the  mirror 
trap  at  a  instability .Fig. 2  shows  the 
change  oi"  électron  density  n^  on  the  plas- 
ma periphery.We  note  that  thë  density  mag- 
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nitude  on  fig  1  Is  10  times  as  large  as 

on  fig. 2. Fig. 2  shows  also  the  amplitude 
of  ion  cyclotron  oscillations  A^fl*  is 
seen  that  the  électrons  appear  on  the  pe- 
riphery  when  the  hf  oscillations  are  ttO- 
sent.At  the  same  time  the  plasma  potential 
decreases  up  to  the  classical  level.The 

density  oscillations  le ad  to  the  modula- 
tion of  P  .Fig. 3  shows  the  spectrizm  of 
lowfrequency  oscillations  of  électron  den- 
sity n  in  t^e  trap  center,which  was  mea- 
sured  from  P  ,The  time  resolution  of  spec- 
trum  measurement  was  10  msec.It  is  seen 
that  in  the  beginning  of  the  injection 
the  oscillation  frequency  increases  with 
increase  of  the  électron  density. The  expe- 
riments  h ave  shown  that  such  fluctuations 

corresponde  to  the  électron  branch  of  the 
lowfrequency  o8cillations(see  report  of 

the  same  group)_j,The  simultaneous  measu- 
rement of  P  and  P  can  be  used  for  the  dé- 
termination of  the  density  modulation 

P/P  ~'  N/N,The  simultaneous  measurement 
in  the  three  points  Zr  can  be  used  for  the 
détermination  of  the  phase  vilocity  along 

the  Z  axis. 
When  the  frequency  of  E.M,  wave  is  le sa 
then  the  minimum  électron  cyclotron  frequ- 
ency the  dépendance  P(  AtO  )  (the  cyclotron 
absorption  line) can  be  measiired/4/ .Here 
A  U)  =  W  (a)  .In  the  expérimental 

ce  min  ^ 

conditions  the  dopler  broadening  of  the 
line  took  place. This  can  be  used  for  the 
détermination  of  électron  température  Te 
and  the  électron  distribution  function/2/. 
Fig.^  shows  the  continuous  measurement  of 

Te  by  me ans  of  the  three  generatois  in 
our  experiments. 

Thus  the  measurement  of  the  transmission 
of  E.M,  wave  at  ECR  allows  to  détermine 
the  many  parameters  of  the  mirror  trap 
plasma. The  method  sensitivity  is  enough 
for  the  measurement  of  the  small  électron 
density  (^q?^.^-^»  in  our  experiments). 
where  the  using  of  the  microwave  interfère 
meters  is  more  complicated.Moreover, thèse 
measurements  are  local  and  more  simple. 
ECR  allows  to  determinethe  local  properti- 
es  of  lowfrequency  oscillations  in  plasma. 
The  électron  température  is  measured  in 
the  broad  range (more  then  10  eV  in  our 
experiments) .The  électron  distribution 
function  is  restored  up  to  the  energy 
4  -  5  Te. 

The  method, described  above,can  be  used  for 
the  diagnostic  of  plasma  under  the  assump- 
tion  of  geometrical  optics  and  when 

(j^  ^^^XjOpg.We  note  that  the  absorption 
8tp»1  is  large  and  the  meastirements  are 
difficult  in  such  condition.But  always 

the  absorption  can  be  decreased  by  chan- 
ging  of  the  spatial  attitude  of  the  réso- 
nance point  Zr  or  the  magnitude  of  a.(0  • 


L 

't  0.1» 

^71 

0.1  s 

1  1 

Fig.1 


Fig,2 


F.kHe 

-300 

Fig.  5 


Fig.4 


/1/  Budden  K.G."fiadio  Waves  in  the  Ionos- 
phère",Cambr.Univ.Press, 1961  • 

/2/  Ziltsov  V.A.  at  ail.  VII  Int.Conf. 
on  Pl.Phys.and  Contr.Nucl.Fus.Res, 
Insbruck,  1 978  .IAEA-CTr-37  .S-2 . 

/3/  Skovoroda  A,A.,Shvilkin  B,N. 
Zh.Exp.Theor.i'iz. 75, 898(1978) 

/V  Skovoroda  A,A,,Shvilkin  H.N. 
Zh .fîxp . Theor . Fiz . 75 , 526 (1 977- ) 


JOURNAL  DE  PHYSIQUE 


Colloque  C7 ,  supplément  au  n°7.  Tome  40,  Juillet  1979,  page  Cl-  667 


ON  SOME  PROPERTIES  OF  ANISOTROPIC  PLASMAS 


Lu  Quan-Kang,  Chen  Zhi-Fan. 

Fudan  University ,  Shanghai. 

I.  3L^CTR0STATTC  ^HT'ilLnTrG 

The  problem  of  electrostatic  shielding 
potential  in  a  plasma  with  anisotropic 
kinetic  températures  is  discussed  in  the 
first  part  of  this  paper.  ïïe  suppose  that 
the  applied  magnetic  field  is  alon^-  the  Z 
axis  of  Cartesinn  coordinates.  The  élec- 
tron distribution  function  may  be  taken  as 


\    0        (KTJ'  o 


(1) 


0       {KT4  ^ 

Tu   is  the  temperature^along  the  main  axis 
(  Z  axis  )  of  tensor  A  and  Tt    is  the  tempe- 
rature  perpendicular  to_^it,        is  the  BoL- 
tzmann  constant,  m  and  V  are  the  électron 
mass  and  velocity  respectively. 

By  using  the  intégral  transformation 

in  the  one  dimension 
n 

F(^)  =  &)"/'(-"%r) 


we  obtain  the  one  dimonslonal  distribution 
fiinction 


T'=(fr(ii>„+i:T.)  (5)  ^ 

is  the  effective  température  along  the  ^/^^ 
direction,      and  ;ti.are  the  components  of  ;f 
along  and  perpendicular  to  the  Z  axis 
respectively. 

On  the  problem  of  positive  charged 
Jeat  partlcle  (  ceordinate  RfO  and  velocity 
X'O  )  shielded  by  électron  clouds,  the  Cou- 
lomlj  forces  between  particles  are  the  chief 
interactions.  The  correction  ©f  shielding 
e'ffect  caused  by  magnetic  force  is  neglect- 
od,  in  other  words,  it  Is  assumed  that  the 
effect  of  applied  magnetic  field  is  only 
ta. malntaln  the  anisotropic  of  électron 
relocity  distribution. 

In  this  case,  we  obtain  that  the  electric 
potential  function  is  given  by 


where  Z  is  the  electric  charge  of  test 
particle,  and  u)^  i s  the  électron  plasma 
frequency. 

When  T„  7^  Tj. ,  let 

As  (f(<(   ,  Integrating  (7),  we  get 


(B) 

where     jr,x=  (^'^"'/I^T.r  ■>  °  ^ 

tron  density  and  charge  respectively, /JjCosw; 

is  the  Legendre  Polynomial  o^  second  order, 

It  can  be  seen  that,  besides  the  e-T)o- 
nentlal  decay  terms,  there  is  also  a  slow 
decay  tenu  proportional  to  R    in  (3). 

'flhenwO     ,(6)  may  be  reduced  to 


where    K>,ri*'"'%l   ...<...<...  valids  for 
octyo*  ...>...>•••  valids  foro>e>-|. 

Pinally,  according  to  the  Poisson  eciuat^ 
ion,  the  shielding  électron  density 
given  b'y  the  électron  distribution  func- 
tion (1)  is 

w)  <.;.H:^r„.i^n.  ^^^^ 

The  total  shielding  charge  quantité  is  th- 

 —,  ;  'ii^-^ 

It  proves  that  the  shielding  effect  is 
complète,  therefore  (1)  is  a  rational 
distribut  ion . 


II.  STRICT  CRITSRIONS  OP  KT'ilTIO 
TÏÏSTABILITIUS  CAÏÏS^D 
IBJECTSD  iraUTRAL  PARTICAL  B3AMS 

A  number  of  strict  and  général  instabi- 
lity  criterions  may  be  obtained  by  analy- 
sing  the  géométrie  properties  of  the  dis- 
persion rôlatibns  of  spécial  ôlasmà  wavea 

In  the  second  part  of  this  pnper,  Nyqui- 
st  diagrams  of  cyclotron  Inst  ibilitiefe 
caused  by  plasma  streams  are  analysed. 
At  first,  the  calculutlon  method  on  ins- 
tability  criterions  of      (the  plasma 
streor  density  ),  71»  (  the  static  plasma 
densliy).  B  (the  applied  magnetic  field 
strength),  H  (the  wr>-B  number),  V(  the  st - 
ream  velocity)  and  T  (the  température) 
are  obtained.     The  numerical  results  of 
Hydrogen  plasma  are  obtained. 
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Seconûly.the  cyclot^on  and  electrostatic 
instabilities  ca'useQ  by  two  neutrnl  plasr  a 
streams  are  also  analyseâ.  The  nume-^ical 
r;sults  of  Hydrogen  plasma  are  also  given. 

Pinally,anecessary  condition  of  electro- 
magnetic  instabilities  caused  by  plasma 
streams  is  derived. 

(1)  .  G.Joyce  and Montgomery,  Phys. 

Pluids  10  (1967)  2017. 

(2)  .  A. a;  Tedenbv  and  D.D.Ryutov, 

Fev.  of  Plasma  Physics  (Ed.  Acad. 
M.A.Leontovich  )  Vol. 6.  (1975) 
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AN  EQUATION  FOR  WAVE  PROPAGATION  IN  A  HOT  NONUNIFORM  MAGNETIZED  PLASMA 


W.N-C  Sy  and  M.  Cotsaftis. 

Association  Euratom-CEA  sur  la  fusion.  Département  de  Physique  du  Plasma  et  de  la  fusion  contrôlée. 
Centre  d'Etudes  Nucléaires,  Boite  Postale  n°6,  92260  Fontenay-aux-Roses ,  France. 


Plasma  nonunif ormities  and  boundary 
effects  are  usually  significant  for  wave  propaga- 
tion in  the  lower  frequency      ranges  in  laboratory 
plasmas,  whilst  explicit  incorporation  of  wave 
damping  in  the  wave  équations  is  necessary  for  a 
consistent  calculation  of  résonant  Q-factors  of 
cavity  modes  in  bounded  Systems.  On  the  other  hand, 
the  existence  of  spatial  résonances  in  nonuniform 
plasmas,  such  as  the  Alfvén  wave  résonance  or  the 
ion-ion  hybrid  résonance,  exhibited  matheraatically 
by  "singularities"  in  the  basic  wave  équations, 
requires  small  effects  such  as  the  finite  Larmor 
radius  effect  or  nonlinear  effects  to  be  considered, 
in  order  to  détermine  the  fate  of  waves  propagating 
in  or  near  thèse  "singular"  régions.  Thèse  factors 
are  taken  into  account  in  the  dérivation  of  an 
équation  for  wave  propagation  in  a  hot,  nonuniform 
magnetized  plasma,  with  multiple  ion  species. 

The  linearized  Vlasov  équations,  together 
with  Maxwell 's  équations,  are  solved  by  a  pertur- 
bation expansion  in  the  smallness  of  the  Larmor 
radius  compared  to  characteristic  scale-lengths  of 
the  plasma.   Fourier  transforms  are  taken  along 
the  uni-directional  background  magnetic  field  to 
retain  the  importauL  kLaelic  erfecLs  of  Ldiidau - 
cyclotron  damping,  while  differential  operators 
are  used  in  directions  perpendicular  to  the 
magnetic  field,  because  plasir  i  nonunif ormities 
and  boundary  effects  are  important  in  thèse 
directions.  Since  only  waves  which  have  counter- 
parts  in  a  uniform  magnetized  plasma  are  considered, 
the  gradient  terms  which  are  associated  generally 
with  drift  waves  have  been  neglected.  The  resulting 
wave  équation  may  be  written  in  the  form. 


(3) 


:  6  (1 


the  proportions. 


where  ^  ^  ~  ~  ^he  parameter  of  small  Larmor 

I  b| 

radius  expansion  and  6  =  ^-—^    is  ratio  of  perturbed 

to  unperturbed  magnetic  field. 

As  a  simple  application  of  (1),  we  consider 
wave  propagation  in  the  ion  cyclotron  range  of 
frequencies  in  a  straight,  hot,  nonuniform  plasma 
cylinder,  neglecting  finite  Larmor  radius  effects 
and  nonlinear  effects.  A  number  of  authors   ['1  ~  [^1 
have  studied  this  problem  in  connection  with  RF 
heating  of  laboratory  plasmas.  Here,  the  problem  is 
considered  more  generally,  including  explicitly  in 
the  wave  équation  (a)  multiple  ion  species  (b) 
arbitrary  plasma  nonunif ormities  and  (c)  collision- 
less  Landau-cyclotron  damping. 

On  Fourier  analysis  in  the  axial  and 
azimuthai  directions  in  cylinaricai  coordinaces,  tne 
reduced  System  of  équations  can  be  solved  conve- 
niently  in  the  axial  component  of  the  perturbed 
magnetic-f ield. 


.  algebraic  tensor  with  the  famili; 


(5)  4- 


,jn.d£ 
^  r  dr 


The  éléments  A,  B  and  C  contain  the  full 
plasma  dispersion  functions  and  hence  explicitly 
incorporâtes  Landau-cyclotron  damping.  They  also 
contain  summations  over  ail  species  of  plasma 

parficies.  The  tensors  î,  W,  and  ^  are  differential 
operators  arising  respectively  from  the  first 
order,  second  order  finite  Larmor  radius  corrections 
and  nonlinear  effects.  The  tensor  differential 
operator  îï  is  proportional  to  the  components  of 
the  perturbed  electric  field.  Detailed  expressions 
of  thèse  tensors  will  be  presented  elsewhere, 
since  they  are  too  lengthy  for  this  short  commu- 
nication. The  relative  magnitudes  of  the  four 


The  functions  A"*"  and  B    are  A  and  B  appearing  in 
(2)  with  the  addition  of  harmonie  cyclotron  damping 
terms.  Equation  (5)  has  a  similar  structure  to 
that  found  (5]    for  axisymetric  magnetoacoustic 
oscillations  in  a  current-carrying  nonuniform 
plasma  column  and  it  can  easily  be  solved  numeri- 
cally  for  arbitrary  température  and  density 
profiles. 


[1]       Perkins  F.W.,  Chance  M.  and  Kindel  J.M.  (1973) 
3rd  Int.  Symposium  on  Toroidal  Confinement, 
Garching,  B8 

[2]       Messiaen  A. M.  and  Vandenplas  P.E.   (1974)  Phys. 
Lett.  49A,  475. 

[3]       Adam  J.  and  Jacquinot  J.    (1977)  Report 
EUR.CEA.FC.  886 

[4]       Paoloni  F.J.   (1978)  Nucl.  Fusion  359. 

[5]       Sy  W.N-C.   (1978)  Plasma  Phys.  20,  33. 


Colloque  C7,  supplément  au  n°7 ,  Tome  40,  Juillet  1979,  page  C7-  671 
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We  consider  a  1 .U  turbulence  generated  by  a 
bump-Ln-tail  instability.  ICxtensive  numerical  simu- 
lations show  a  time  behaviour  of  the  electric  field 
which  is  inconsistent  with  the  quasilinear  theory . 
We  compute  theoretically  the  effect  of  mode-mode 
coupling  terms,  neglected  in  the  usual  quasilinear 
theory. 

Consider  a  Fourier  component  of  the  electric 
field,  with  wave  number  k,   frequency  (jj^^  and  growth 
rate  Y^^.  The  résonance  broadening  width  is  (k^D)'^/-', 
where  D  is  the  quasilinear  diffusion  coefficient. 
The  ratio  R  =  (k^D)  ^^-^/y^  plays  the  rôle  of  a 
Reynolds  number  and  two  régimes  of  turbulence  have 
to  be  distinguished.   If  R  «  1         (1),   the  usual 
quasilinear  results  are  recovered .  On  the  other 
hand,  when  the  turbulence  level  is  high  enough  for 
R  »  1,  we  establish  that  the  non-linear  scattering 
of  waves  by  the  resonnant  particles  is  no  longer 
negligible.  Defining  the  resonnant  velocity  v(k) 
by  the  relation         =  k  v(k) ,  we  show  specifically 
the  following  resuit     :     the  coupling  of  ail  the 
modes  k.  which  fulfill  the  conditions 


--  Ek. 


(3) 


;  (2),  (3),  (4),  (5) 


ôk" 

In  the  régime  defined  by  (6) ,   the  usual  weak  - 
turbulence  theory  exhibit  secularities .  We  show 
that  a  first  summation  of  divergent  terms  leads  to 
the  so-called  renormalized  théories   ;   thèse  last 
ones  yield  séries  which  are  not  yet  convergent  and 
a  second  summation  gives  the  équation  describing 
phase  space  granulation  as  given  by  T  .H  .  Dupree . 
solve  exactly  the  Dupree  équation  and  we  find  th< 
the  clumps  induce  a  suplementary  stimulated 
which  modifies  the  growth  rate  y  . 


We 


v(k)  I 


i  contribution  of  the 


order  as  the 
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The  effect  of  electric  field  on  non- 
ideal  plasma  electrical  conductivity  has 
been  experimentally  investigated  in  [ij  . 
A  corrélation  between  radiation  intensity 
from  non-ideal  plasma  and  external  elect- 
ric field  E  in  the  3ame  local  volume  has 
been  established  in  this  study.  It  is 
shown  that  the  intensity  becomes  abnormal- 
ly  high  with  increase  in  E  and  may  exceed 
the  black  body  intensity  at  local  plasma 
température . 

The  installation  used  for  the  expéri- 
mental study  of  plasma-focus  radiation 
properties  was  described  in  an  earlier 
paper  [2J   .  A  magnetoplasma  compresser 
operated  with  moderate  energy  inputs 
(discharge  currents  ^  500  KA).  Thèse  ré- 
gimes provided  stable  parameters  in  a 
MHD-compression  région.  Plasma  températu- 
re T  and  électron  number  density  did 
net  exceed  5  eV  and  10  ^cm     ,  respective- 

ly. 

The  méthode  used  for  measurements  of 
spatial  and  time  distributions  of  E,  T, 

and  ion  number  density  n^    were  des- 
cribed in  [1]   .  In  addition  n^-distribu- 
tions  were  determined  for  several  régimes 
from  absorption  of  ultrasoft  X-rays, 
10  -  12  i.  Absorption  coefficients  were 
measured  for  two  wavelenghts  6328  and 


4416  %,  and  continuum,  2-6  eV.  Radiation 
spectra  were  studied  in  infra-red,  visible 
and  near  ultra-violet  régions  (0,5-6,1  eV) 
by  conventional  spectral  methods  with  higk 
time  resolution. 

Spécial  time  and  space-resolved  diag- 
nostic equipment  was  developed  and  built 
to  measure  energy  emitted  from  plasma  fo- 
cus  in  a  vacuum  ultra- violet  range:  double 
open  ionization  chambers  (12  -  65  eV),a 
quartz  calorimeter  (hV>  6  eV),  small-time- 
-delay  bismuth  bolometers  (6  or  11,3  - 
250  eV),  a  photoemission-esintilation 
spectrometer  (10  -  350  eV). 

Typical  expérimental  results  obtain- 
ed  are  presented  in  fig.l,  where  S^^  is 
an  absolute  value  of  energy  emitted  from 
plasma  in  spectral  interval  40  -  350  eV. 
To  emphasize  the  abnormally  high  values 
of  S^^   measured  in  the  case  of  non-ideal 
plasmas  (  ^  /Z  ^1)  the  values  of  S^^  in 
fig.  1  have  been  divided  by  énergies  B^^ 
emitted  from  the  black  body  in  the  same 
spectral  interval  at  plasma  températures. 
AS  seen  fr^m  fig.l  the  electric  fields 
achieved  do  not  practically  produce  any 
effect  on  radiation  from  Debye  plasmas 
when      <^/Z  is  large.  The  situation  chan- 
ges for  small  when         /B^y  rises 
with  increase  of  E  and  exceeds  unity.  ?or 


C7-  676 


à^/Z'^l  the  value  of  at  maximum  fields 

achieved  is  an  order  of  magnitude  higher 
than  the  limiting  value  £1^^  =lim<Sj^<B^^ 
at  E  0. 

The  measurements  for  (02^4)^  and  Cu 
plasmas  have  shown  that  the  dependences 
presented  in  fig.l  do  not  vary  significant- 
ly  with  plasma  composition,  Measurements 
carried  out  for  différent  frequency  inter- 
vais have  shown  that  radiation  emitted  in 
visible  and  UV  spectral  régions  (up  to 
10  eV  )  agrées  with  calcul  ations  of  recombir 
nation  radiation  and  bremsstrahlung  from 
eciuilibrium  plasma.  Radiation  intensity 
has  been  observed  to  fall  with  increase  in 
frequency  up  to  30  eV,  which  is  also  in 
qualitative  agreement  with  theory.  But  for 
further  increase  of  frequencies  a  monoto- 
nously  increasing  disagreement  has  been 
otjserved  between  the  measured  values  and 
the  theoretical  prédictions  for  equilib- 
rium  plasma. 

The  dependences  of  conductivity  31  d 
radiation  intensity  on  E  show  that  local 
thermodynamic  equilibrium  is  no  longer  va- 
lid  for  plasmas  considered  wiith  increase 
of  E.  Purthermore,  one  can  suggest  that, 
because  of  B.f^^>\^  ,  "the  source  of  the 
effect  observed  may  be  a  correlated  spon- 
taneous  or  stimulated  émission  of  radia- 
tion. One  of  the  possible  processes  may  be 
stimulated  recombination  with  formation  of 
ions  in  the  ground  configuration,  Then, 
stimulated  recombination  can  explain  the 
effect  observed  for  ng'^lO"'"^  cm""^  if  one 
supposes  that  non-equilibrium  superther- 
-2  -1 

mal  électrons  fraction  o<  amounts  10  -10 


At  higher  oi.  non-equilibrium  électrons 
would  influence  not  only  conductivity  and 
radiation,  but  also  other  plasma  proper- 
ties,  which  has  not  been  observed  as  yet. 

One  can  also  suggest  that  the  effect 
observed  may  be  due  to  the  peculiarities 
of  the  plasma  génération  method,  that  is, 
the  effect  might  belong  not  to  plasma  but 
to  the  installation.  Such  interprétation 
is  less  probable  for  reasons  similar  to 
those  which  were  point ed  out  in  [l^  .  But 
gasdynamical  conditions  of  the  discharge 
considered  can  reduce  t;he  partial  ion  num 
ber  densities  on  the  lower  absorbing  le- 
vels  c empare d  to  equilibrium,  which  will 
faveurs  the  appearance  of  superluminescen 
ce.  Such  réduction  of  ion  lower  levels  nu' 
ber  densities  should  be  still  more  probab 
le  at  lower  densities,  i.e.  at  higher  ^/Z 
The  absence  of  superluminescence  in  the 
latter  case  indicates  that  non-equilibri- 
um super  thermal  électrons  do  not  appear 
in  Debye  plasmas  under  such  field. 

1.  N. P. Kozlov, G. E.Norman  and  Yu.S.Protasov 
Phys.Lett.  5IA  (1975)  ^95» 

2.  N. P. Kozlov,  V.A.Malashchenko  and  Tu.S. 

Protasov,  Zh.Priklad.Spectr.22(1975)27C 
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The  présent  report  is  about  discharge  in 
weakly  ionizated  real  gas.  The  discharge 
is  being  kept  up  by  the  current  being  ca- 
used  by  the  external  sourse.  The  pressure 
of  the  plasma  is  balanced  by  the  raagnetic 
pressure  being  caused  by  the  own  magnetic 
field  of  the  current.  The  discharge  has 
the  georaetrical  forra  of  the  ellipsoidal 
"cord".  The  plasma  of  the  gas  dischange 
consists  of  électrons,  positive  ions  and 
neutrals.  The  interaction  between  the  par- 
ticles  of  the  plasma  is  described  by  po- 
tential  functions  forming  the  symmetric 
and  positive  matrix.  The  interaction  is 
not  supposed  to  be  weak  in  comparison  with 
the  average  energy  of  chaotic  movement  of 
the  particles  of  the  plasma.  We  take  into 
considération  not  only  the  Coulomb  inte- 
raction, but  also  the  near  interaction  ta- 
king  place  when  the  distance  between  the 
particles  is  short.  Accounting  of  the  fo- 
rces of  near  interaction  is  made  by  the 
Lenard-Gones  potentials  [1  ]  .  The  state  of 
the  plasma  is  described  by  the  vector-di- 
stribution  of  the  particles.  For  the  phy- 
sical  reasons  the  distribution  function  of 
the  random  vector-density  of  the  particles 
of  the  plasma  has  been  constructed.  To 
discover  the  free  energy  of  the  plasma 
discharge  we  average  internai  energy  and 
the  logarithm  of  the  probability  of  the 
random  vector-density  of  the  particles 
upon  ail  possible  states.  The  stable  sta- 
te of  the  plasma  is  described  by  the  vec- 
tor-density of  the  particles,  which  gives 
the  conditional  minimum  of  free  energy. The 
minimum  of  the  free  energy  is  to  be  disco- 
ver under  the  condition  of  "non-hard  nor- 
malizing"  [2,3 ^  »  which  describes  possibi- 
lity  of  change  of  the  particles  from  one 
sort  to  anther  because  of  chemical  reacti- 
ons, elastic  and  nonelastic  interactions. 
The  moments  of  the  random  vector-density 
of  the  particles  are  the  corresponding  di- 
stribution functions  of  the  particles  of 
the  plasma  [4 j  .  The  thermodynamical  lirait 
of  the  distribution  functions  of  the  par- 
ticles becoms  the  Maxvell  distributions  as 
time  becomes  infinité.  The  solving  of  the 
problem  is  reduced  to  the  generalized 
Gilbert  problem  [5,6]  .  Having  made  compu- 
ter calculations  we  get: 

1)  .the  vector-density  of  the  particles  of 
the  plasma; 

2)  . the  distribution  function  of  thé  random 
vector-density  of  the  particles; 

3)  . the  first  momrnt  of  the  random  vector- 
-density  of  the  particles; 

4)  . the  average  energy,  the  entropy  and  the 
free  energy  of  the  plasma; 


5)  . the  dimensions  of  the  gas  discharge 
plasma  "cord",  when  the  current  through 
the  plasma  is  given; 

6)  . the  températures  of  the  électrons  ,the 
ions  and  the  neutrals; 

7)  . the  value  of  the  numerical  paxameters 
of  the  Lenard-Gones  potentials,  which  hâ- 
ve been  discovered  by  the  method  of  stati- 
stical  tests  (the  Monte-Carlo  method); 

8)  . the  average  concentration  of  électrons, 
ions  and  neutrals; 

9)  . the  corresponding  degrees  of  ionizati- 
ons,  which  dépends  on  the  average  energy 
of  the  particles  of  the  plasma,  on  its 
geometry  and  the  character  of  interaction 
of  the  particles. 

The  foundation  of  this  report  is  the  re- 
sults  of  the  authors  published  before 
[7-13].  For  the  closed  and  nearly  closed 
sustems  a  more  gênerai  considération  is 
given  here  in  comparison  with  published 
before  work  by  one  of  us  [14]  .  We  conse- 
dered  the  possibility  of  construction  the 
theory  of  non-ideal  plasma  as  an  open  Sy- 
stem [15].  This  is  neither  closed  nor 
nearly  closed  systefii'  [16]  , 
The  method  of  solving  the  problem.  Out  of 
the  equilibrium  conditions  and  définition 
of  the  space  limited  plasma  we  get  the 
System  of  the  dual  intégral  Fredholm  equ^- 
ations  of  the  first  kind,  which  are  to  be 
solved  in  common  with  the  normalizing 
conditions  on  the  vector-density  of  the 
particles  of  the  plasma.  Having  been  made 
the  necessary  preliminary  préparation  we 
do    Fourier  convolution  transform  of  the 
dual  intégral  Fredholm  équations  of  the 
first  kind.  Solving  the  generalized  Gil-  ' 
bert  problem  we  get  the  vector-density  of 
the  particles  of  the  plasma.  Knowing  the 
vector-density  of  the  particles  we  are 
able  to  examine  in  détail  the  properties 
the  gas  discharge. 

The  results.There  are  given  below  the  re- 
suit s  concerning  the  weakly  ionizated  gas 
There  are  given  on  the  picture  1  the  dia- 
grams  of  the  densities  of  électrons , ions 
and  noutrals.  Using  the  vector-density  of 
the  particles  of  the  plasma  we  discover 
the  physical  values  characterizing  the 
state  of  the  real  gas  discharge  plasma, 
for  exemple  the  average  pressure  of  the 
plasma  (picture  ?). 
The  conclusions.  The  authors  have  solved 
the  well  known  problem  of  N.N.Bogollubov 
[13  :  to  construct  the  statistical  theory 
of  plasma  when  interaction  between  the 
parti  des  is  described  by  the  sum  of  the 
Coulomb  potential  and  the  Lenard-Gones 
potential.  Having  been  worked  by  the  auth 
ors  the  method  of  the  statistical  theory 
of  finite  clusters  [7-15]  gives  in  parti- 
cular  possibility  to  analyse-  completely 
th  e  state  of  the  real  gas  discharge 
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plasma  in  dependence  of  its  geometry,the 
character  of  the  interaction  and  the  car- 
rent going  through  the  plasma.  The  consi- 
dération has  been  done  for  the  real  space 
limited  plasma  being  assumed  to  be  a  ne- 
arly  closed  sustem.  However  the  method  of 
the  authors  is  able  to  be  used  to  consi- 
der  the  plasma  as  a  physical  finite  open 
systan.     (   [i6]  ). 
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Picture  1.  The  density  of  ions,  élec- 
trons, neutrals  in  the  pla- 
—  sma.  _ 

1  .  The  density  of  ions.  _//  .  The  density 
of  électrons,  m  .  The  density  of  neutrals 
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Picture  2.  The  pressure  of  plasma  as 
a  function  of  spécifie 
volume. 
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In  nearly  idéal  plasmas,  i.e.  in  plasmas 
where  the  so-called  non-ideality  parameter 
y=e2(2ne)'''^^/kT  is  small  compared  to  uni- 
ty,  the  spectrum  iri  the  transition  région 
from  line  to  continuum  radiation  may  be 
described  by  line  dissolution  and  the  sta- 
tistically  extended  recombination  continu- 
um Cl].  '.Vith  increasing  degree  of  plasma 
non-ideality,  however,  the  model  of  the 
Debye  shielded  Coulomb  potential  breaks 
dovm. 

In  [2,3]  a  theory  for  optical  pronerties 
of  nonideal  plasmas  with  y^é,  1  v;as  devel- 
oped  whose  main  statements  consist  in  the 
follov/ing:  Due  to  the  strong  electric  mi- 
cro-fields,  the  spectral  lines  near  the 
photoreconbination  thi-eshold  disappear 
long  before  they  merge  in  each  other  as 
predicted  by  Inglis  and  Teller.  The 
threshold  itself  practically  remains  un- 
shifted  so  that  the  disappearance  of  spec- 
tral lines  consequently  should  lead  to  an 
intensity  gap  in  the  prethrechold  région 
v/hose  width  is  given  approximately  by 
AE=3ykT  according  to  C3]. 
In  a' récent' paper  [4]  some  results  were 
noticed  for  the  mercury  spectrum  in  case 
of  y- =  0.056  and  0.185  giving  rise  to  con- 
firm  the  proposed  model  [2,33.  ?rom  the 
theoretic  point  of  vie:/,  however,  it  is 
of  particular  interest  to  know  the  spécial 


distribution  under  nonideal  circumstances 
for  an  élément  with  a  more  simple  atomic 
structure.  Por  this  purpose  we  investi- 
gated  a  pulsed  hydrogen  arc  at  elevated 
pressures, 

The  expérimental  arrangement  for  produc- 
ing  the  hydrogen  arc  and  the  diagnostic 
methods  used  for  its  investigation  have 
been  described  in  détail  in  [6].  The  spec- 
tral distribution  of  the  hydrogen  arc  was 
obtained  using  an  optical  multichannel  an- 
alyzer.  Measurements  were  performed  for 
two  différent  pulsed  arcs  whose  data  are 
presented  in  the  following  table: 

Arc  no.  '   1  2 

Arc  température  [K]  16700  15300 

^Vrc  pressure  Catm]  2  7.5 

Electron  density  [cm-^J  2.7*  lo'''^  6.2-10''''' 
ITon-ideality  parameter        0.081  0.117 

The  spectral  distributions  corresponding 
to  the  arcs  listed  above  are  shown  in 
fig.1  for  the  prethreshold  région.  Begin- 
ning  at  short  wavelengths,  it  contains  the 
unperturbed  recombination  continuum,  pos- 
sibly  follov/cd  by  a  région  of  merged  lines 
and,  for  arc  no.  1,  the  last  visible  hy- 
drogen line  Ily-.  Some  comparatively  narrow 
contamination  lines  which  were  not  iden- 
tifie d  unarabiguously  cannot  influence  the 
confidency  of  our  following  conclusions. 
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The  intensity  distribution  in  fig.1  sug- 
gests  that  the  charge-carrier  interaction 
only  becomes  apparent  by  a  disappearance 
of  spectral  lines.  Thus,  in  case  of  the 
low-pressure  arc  the  last  visible  hydrogen 
line  was  Hy,  whereas  in  case  of  higher 
pressure  we  only  could  observe  Hpyet,  At 
the  séries  limit  an  intensity  gap  could 
not  be  found  (according  to  [3]»  for  arc  2 
its  width  should  be  AE  ^  0.45  eV  or  aA. 
«  48  nm).  To  confirm  that  the  absence  of 
this  gap  is  not  due  to  the  high  opacity  of 
the  observed  plasma  layer  we  proved  in 
case  of  arc  2  that  the  intensity  in  the 
prethreshold  région  is  proportional  to  the 
optical  path  length  lopt        shown  in  fig. 
2.  Shock  tube  experiments  for  a  similar 
y  range  (y  =  0,102)  t 5]  lead  to  différent 
conclusions  concerning  the  influence  of 
non-ideality  on  the  radiation  properties. 
However,  v;e  should  not  overestimate  this 
discrepancy  since  the  structure  of  the 
spectral  distribution  in  the  prethreshold 
région  observed  in  [5]  was  v/ithin  the  lim- 
its  of  expérimental  error  yet. 

[1]  Ruzdjak,  V.,  V.  Vujnovic,  Astron. 

Astrophys.  54.  751  (1977) 
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[3]  Kobzev,  G. A.,  Ju.K.  Kurilenkov, 

TVT  16;  458  (1978) 
[4]  Kurilenkov,  Ju.K.,  P.V.  Hinaev, 

ZETP_74,  563  (1978) 
[5]  Konkov,  A. A.  et  al.,  High  Temp.- 

High  Press.  _5,  405  (1973) 
[6]  Radtke,'R.,  K.  Giinther,  J.  Phys._9, 

1131  (1976) 
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Pig.1.  Spectral  distribution  of  the  arcs 
listed  above  in  the  prethreshold 
région. 
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Pig.2.  Radiation  intensity  for  arc  no. 
at  the  threshold  for  différent 
geometrical  observation  lengths. 
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Abstract 

Pressure,   température,   and  the  elec- 
trical  conductivity  of  the  plasma  behind 
the  reflected  shock  were  measured  for  the 
range  of  the  "plasma  param.eter"  £.   from  2 
to  9.     The  electrical  conductivity  for 
Coulom.b  collisions,  which  is  separated 
from  the  measured  value  is,   on  the  aver- 
age,   76%  of  Spitzer's  theoretical  value 
for  Ar(e  =  2~3)    and  is  69%  of  it  for  Xe{£=5 
~7)  .     The  discrepancy  between  theory  and 
experiment  for  xénon  plasmas  is  only 
slightly  différent  from  the  one  for  araon 
plasmas  inspite  of  the  différence  of  by 
a  factor  of  2. 
Introduction 

In  the  expérimental  study  of  dense, 
optically  thick  plasmas,   the  électron  den- 
sity  has  been  determined  from  other  param- 
eters,   say  pressure  and  température  since 
direct  measurement  of  the  électron  density 
is  difficult.     The  Saha  équation  connected 
by  the  Debye-Hlickel  theory  is  widely  used 
to  estimate  the  électron  density.  The 
Debye-Huckel  theory,   however,   tends  to 
fail  with  the  increase  in  the  plasma  den- 
sity.    Slightly  non-ideal  plasmas  to  which 
this  theory  may  be  applied  without  a  seri- 
ous  error  are  studied  in  this  paper .  The 
non-ideality  of  the  plasma  is  expressed  by 
the  plasma  parameter  g  which  is  defined  by 
1/ (n^-^j^j^"^)  ,  where'Xj-,  is  the  Debye  length. 
Apparatus 

The  shock  tube  is  an  arc-driven  type 


which  consists  of  30cm-long  high  pressure 
section  and  1.8m-long  low  pressure  sec- 
tion,  each  of  which  is  2cm  in  inner  diam- 
eter^^  Figure  1  shows  the  schematic  cross 
section  of  the  shock  tube  near  the  end 
wall.     A  piezo-transducer  for  pressure 
measurement  and  three  optical  Windows  made 
of  sapphire  are  located  at  the  position 
7mm  upstream  of  the  end  wall.     A  coil  is 
embeded  in  the  end  wall  made  of  plastics ( 
derlin  or  acrylite) ;   the  electrical  con- 
ductivity of  the  plasma  behind  the  re- 
flected shock  was  measured  with  this  coil. 


Fig.l  Schematic  cross  section  near  the  end 
of  the  low  pressure  section 

The  absolute  intensity  of  continuum 
radiation  from  the  plasma  and  the  absorp- 
tion of  He-Ne  laser  intensity  across  the 
plasma  column  were  measured  to  détermine 
température.  In  order  that  background 
plasma  radiation  could  be  eliminated  the 
intensity  of  the  laser  light  was  modulated 
at  2MHz  by  an  acousto-optical  modulator. 

The  conductivity  was  determined  from 
the  decrease  in  Q-value  of  the  coil  due  to 
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eddy  currents  in  the  plasma.     The  coil  and 
a  condenser  forms  a  parallel  résonance 
circuit.     The  decrease  in  the  résonance 
voltage  on  the  coil  is  a  function  of  the 
conductivity  of  the  plasma  filled  in  the 
shock  tube.     This  function  is  determined 
from  the  calibration  experiment  with  a 
Sb-doped  sillicone  cylinder  of  a  known 
conductivity  of  1 .  ISxlo'^mho/m  at  24°C. 
Results 

Time  histries  of  the  plasma  condi- 
tions behind  the  incident  and  the  reflect- 
ed  shocks  are  shown  in  Figs.    2  and  3. 


Fig.2  Oscillograms  of  shock-heated  argon. 

(a)  The  transmitted  laser  intensity  which 
was  modulated  with  a  sine  wave  of  2MHz. 

(b)  From  top  to  bottom,   continuum  intensi- 
ties  at  621nm,   450nm,   and  560nm  and  pres- 
sure.    IS  and  RS  dénote  the  incident  and 
the  reflected  shocks,   respectively . 
Sweep  rate:  lO^s/div. 
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Fig.3  Oscillograms  of  shock-heated  xénon, 
(a)   The  intensity  of  continuum  radiation 
at  621nm,   the  transmitted  laser  intensity, 
and  pressure.      (b)   The  résonance  voltage 
on  the  coil.     Another  trace  of  this  os- 
cillogram  shows  the  same  signal  with  in- 
creased  sensitivity  by  a  factor  of  2.5. 
Sweep  rate:  lOps/div. 


The  intensity  of  contin 


radiation  and 


the  transmittance  of  the  argon  plasma  be- 
hind the  reflected  shock  were  almost  con- 
stant during  the  test  time(40^s   in  this 
shot) .     Xénon  plasmas  were  opaque  behind 
the  reflected  shock. 


Figure  4  shows  the  experimentally 
determined  value  of  the  conductivity  for 
Coulomb  collisons  divided  by  Spitzer's 
theoretical  value.     The  contribution  to 
the  conductivity  for  électron  collisions 
v/ith  neutral  atoms   is  eliminated  from  the 

measured  value  using  the  theoretical  for- 
2) 

mula.         This  contribution  is  small  for 
the  argon  plasmas  in  this  experiment. 
The  expérimental  conductivity  of  Ar  is ,  on 
the  average,   76%  of  Spitzer's  value  for 
£=2~3  and  the  one  for  Xe  is  69%  of  it  for 
£=5'^-7.     If  the  Debye  length  in  Spitzer's 
formula  is  corrected  by  a  numerical  factor 
to  be  fitted  to  the  expérimental  .value , 
the  correction  factor  for  Xe  is  doser  to 
unity  than  that  for  Ar  as  is  found  by 

Radtke  and  Gunther.^^ 


Fig.4  Expérimental  values  of  the  conduc- 
tivity for  Coulomb  collisions  divided  by 
Spitzer's  value  as  a  function  of  g . 
The  error  mainly  results  from  the  expéri- 
mental error  of  température. 
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Exoess   électrons    [e.e.)    transport    in  dense 
fluid   argon    seems   to    represent    the  most 
simple   situation   which  might    happen    in  élec- 
tron   transport    elsewhere   than    in   a  vacuum. 
In    spite   of   this   apparent    simplicity  élec- 
tron  drift   velocities   \/ ^   as   a   function  of 
applied   slectric   field   E   exhibit  complica- 
ted   évolutions   for   différent  températures 
and   densities.    In   particular   the   E/N  para- 
meter   is   no   more   convenient.    The   purpose  of 
this   paper   is   to   establish   a   gênerai  expres- 
sion,   from   a   hopping  modsl   of   the  e.e. 
transport,    which   allows   a   prédiction   of  the 

at   an y   fleld,    any   density,    any  tempéra- 
ture.   Range    limitations   of   ths   model  are 
discussed . 

A  very    large   number   of   data   on    e.e.v^  or 
mobilities   in   a   quantity   of  dielectric 
fluids   is   available    in   the    literaturs,  but 
the  most    complète   set   of   data   is   due  to 
for   e.e.    in   argon   at   densities   between  the 
triple   point   and   the   critical   point.  Unfor- 
tunately   this   remarkable   work  with  respect 
of   îts   accuracy   over   a   wide   density  range, 
température   effect   and   field   effect,  has 
not   been   paid   enough   attention   by   the  theo- 
rBticiansf23_ 

It   is   clear  that    the    lack   of   success   of  ths 
différent   proposed   théories    is   due   to  the 
absence   of   informations   relative   to  the 
form   of   ths  microscopic   interaction  between 
one   électron   and   one   argon   atom  surrounded 
by   6   nearest   neighbours   at   distances  bet- 
ween   .4   and    .5   nm.    The   rigourous  solution 
of   this   problem   is    not    in   view  apparently 
before   a    long   time   because   it    is   very  com- 
plicated   and   also   because   no   direct  scatte- 
ring   experiment    seems  possible. 
We   have   proposed  a   model,    for   the  trans- 

fer  of   the   électron,    based   on    several  con- 
clusions which   can   be   drawn   from  '''^and 


xper 
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low  field   performances    in  was  prompted 

by   theoretical   assumptions  which  assumed 
that    it   would   be   simpler   to   modify   as  few 
as   possible   the   électron   velocity  distribu- 
tion  function.    In   fact    "low   field"    is   not  1 
very   convenient    notion    since   v^^   is   not  a 
linear   function   of   the   field   between   0  and 
25  Vcm"''  .    At   high  field   the   situation  is 
much  more    instructive    since   v      reaches  a 

4        - 1    C  3  }  - 
constant   value   at   E>3.10   Vcm  for 

argon,    lo'^Vcm"''    for   xénon   and  2.10'^Vcm 
for   Krypton    in   the    liquid    state   at  atmos- 
pheric   pressure   just    above   the  melting 
point.    This   v^.^    limit    versus   applied  field 
makes    it    clear   that    e.e.    are   not   free  and 
do   not    tunnel   through   atomic  potential^ar- 
riers.If   we   add   to   this   observation  that 
the   values   of   this   v^^    is    less   than  one 
order   of  magnitude    larger   than   the  sound 
velocity,    which   is    related   to   atom  velocity^, 
it   appears   the  most   probable   that    the  e.e. 
is   quasi   bound        to   an   atom.    The  existence 
of    such   a   quasi   bound        state   has   been  sug- 

.  C4,5) 
gested    several    times    independent iy 

but  no  conséquence  was  drawn  relatively  to 
the   transport  process. 

When   the   e.e.    is   orbiting   on   one   atom  its 
velocity    is   always   tangent   to   the  potential 
barrier   in  which    it    is    trapped.    Hence  tun- 
neling   do   not   occurs    even   at    the  highest 
applied   fields.    The   field   modifies  the 
e.e.    trajectory   which    is    internaly  tangent 
to   aspherical    envelope   of    radius  1/2r^ 
centered   at    the   nucleus   of   the   atom  A.  The 
e.e.    can   jump   on   the   next    atom   neighbour  B 
with   respect    to   the   field   only  when   a  col- 
lision  between   A   and   B   occurs   at   a  distance 
^  In   this    case   the   e.e.  travels 

the   mean   atomic   distance   r^^    in   a  time 
(r   -r    )v      "''  ,    where   v        is   taken   as  the 
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most   probable   atomic   velocity.    IMear  the 
critical   point    it    is   particularly  clear 
that   Vg  is   very    small   neither   because  v^^ 
or   r^^   is    small   nor  because   r^^-r^    is  huge 
but   because  the    long  distance 

velocity   corrélation   are   important   and  hence 
the   probability   of   collision   is   very  low. 
An    insight   on   the   collision   probability  is 
given   by         which   is   proportional   to  the 
probability   of   collision   at    a   certain  dis- 
tance  r^^.    In    a   first   approximation  the 
collision   probability   f [ r^ )    at   a  distance 
r^   is   related   to   the   one   f^r^^)    at   r^^  by 
the   expression   f C r^ ) =f ( r^^ ) exp    -  L.J.[r^} 
where   f  t  r,  ,  )  "  ^  =      ,/ V3    (  r,/ (  r^-r.^  ^  ])  .  This 
expression   applies   to   short   distances  at 
least    less   than   r^^  .    In   fact   at    large  E 
values   the   e.e.    jumps   a   chain   of   nCE]  atoms 
distant   of    less   than   r^   and   the  général 
expression   for   v^  is 
v^=C(nCE)-1 ] (r„-r^,} Cr, 


th 


(e 


,  [nCE)-1  ) 


potenti 
order  c 


;p   -   L. J . Cr^] 3 
int    such   that  for 
J    holds   for  Lennard 
a   distance  r^,n(E) 


eu 


th 


.  J  .  (r__ 

a  high 

elation  function  and  very  few  is 
Known  about  it.  The  approximation  which  was 
made   in  on   geometrical  considérations 

can   be   found   directly   from  fig.1  which 

[  3  1 

reflects   the  main   features   of   fig.1  in 

The   remarkable   features   of   this   curve  which 


Ao''       do'       id"       iû'  Vcm-^ 


three   argon   atoms    intercalate   between  two 
IM^  molécules.    It    has   been    shown        ^    that  v^^ 
at    high  field   is    larger   in   IM^   than    in  argon, 
this   fact    is   certainly   due   to   the   shape  of 
the   e-argon   potential   U(r]    which    is  steeper 
at    large   r   than   the   e-N^   one.    This  gives 
some   points   of   the   nCE)    dépendance   over  a 
wide   field   range   and   at   the   density   of  the 
liquid   at    1    atm.    This   allows   a   better  déter- 
mination   of   U(r)    than    in    *■  ^  '  .    From  this 
U(r]    potential   which   is    supposed   in   a  first 
step   to   be   indépendant   of   the   density, v^ 
can   be   calculate   for   any   physical  conditio 
the   only    limitations   being   that   the  time 
between   collisions   is    longer  than   the  life- 
time   of   the   quasi    ion  A     and   that   the  argon 
atoms   are   in   the   fundamental    state.    For  a 

(1  ) 

given   density   and   a   given    r^  équation 
gives   very   well    the   variation   of   v^^^  versus 
température   except    at   the   critical  density. 
The   gênerai   variation   of  JX^   versus  density 
is   correct   but   the   figures   differ   from  the 
expérimental   one   by   a   factor  two   to  four. 
The   reason   for   this   discrepancy   might   be  du 
partly   to   the   définition   of   r^^  which  is 
very    sensitive   to   the   velocity  corrélation 
of   neighbouring   atoms   and   partly  because 
U(r]    is   density  sensitive. 
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have  not  been  paid  enough  attention  by  the 
authors  are  the  two  changes  of  slope  as  well 
in  the  rare  gases  as  in  the  mixtures  before 
the  change  in  slope  at  high  field  strength 
and  the  order  of  magnitude  of  the  intermo- 
lecular  distances.  The  distance  between  the 
nearest  molécules  i  s  rw»  1  5  A  while  for  the 
nearest   argon   atoms    it    is   4   A.    Thus   two  to 
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INTRODUCTION         When  the  density  of  a  weakly- 
ionized  gas  increases,  the  overlap  between  wave 
functions  of  atomic  valence  électrons  increases  and 
then  a  métal -nonmetal  transition  or  transition  from 
thermal  ionization  to  pressure  ionization  is  pre- 
sumed  to  occur  (1).     It  is  one  of  the  characteris- 
tic  features  of  liquid  metals  that  the  density  can 
be  changed  continuously  in  a  wide  range.  There- 
fore,  it  is  very  interesting  to  investigate  the 
electronic  and  thermodynamic  properties  of  liquid 
metals  both  in  the  supercr itical  and  near  the 
critical  région.     Recently,  the  measurements  of 
density  (2),  electrical  conductivity  (3),  thermo- 
electric  power  (3),  Hall  coefficient  (4),  and 
Knight  shift  (5)  have  been  made  near  the  critical 
point  of  mercury   (T^r  ~  1480°C,  P  -  1540  kg/cm2  and 
Pcr  g/cm3)  .     As  for  césium  (T^j.  =  IVeCC,  P  = 

110  kg/cm^,         -  0.4  g/cm-^)  ,  the  measurements  of 
density,  electrical  conductivity,  thermoelectr ic 
power  have  been  made  (6) .     However,  a  conclusive 
theoretical  interprétation  is  not  yet  obtained  for 
the  mechanism  of  metal-nonmetal  transition.  Useful 
informat^ion  on  the  mechanism  would  be  obtained  from 
Sound  velocity  data,  because  a  change  in  the  struc- 
ture of  the  dense  fluid  produces  a  change  in  the 
compressibility ,  and  hence  in  the  sound  velocity. 

We  présent  the  first  measurements  of  the  sound 
velocity  of  mercury  up  to  1600°C  and  2000  kg/cm^ . 
The  measiorements  were  made  by  means  of  an  ultra- 
sonic  puise  transmission/echo  technique,  which  was 
newly  developed  for  such  high  tempeature  and 
pressure  conditions  (7)  . 

EXPERIMENTAL  SETUP        A  high  pressure  vessel  and  an 
ultrasonic  cell  are  shown  in  Fig.l.     The  mercury 
sample  is  contained  in  the  cell  made  of  a  niobium 
tube  closed  at  both  ends  by  synthetic  sapphire 
rods.     The  sample  between  the  sapphire  rods  is 
connected  with  a  mercury  réservoir  through  a  thin 
channel  in  the  inner  wall  of  the  niobium  tube.  The 
size  of  the  sample  is  1  mm  in  length  and  10  mm  in 
diameter.     The  température  of  the  sample  was  con- 
trolled  by  a  molybdenum-heater  furnace  around  the 
cell,  and  measured  with  a  Pt-30%  Rh:Pt-6%  Rh 
;thermocouple.     The  cell  was  set  in  the  high  pressure 


Fig.l 


vessel  made  of  beryllium-copper ,  and  pressurized 
with  argon  gas  (8)  .     The  pressure  was  measured  by  a 
Heise  pressure  gauge.     The  space  between  the  fur- 
nace and  the  pressure  vessel  was  filled  as  com- 
pletely  as  possible  with  alumina  powder  in  order  to 
obtain  good  thermal  insulation  and  to  suppress  the 
convection  of  the  compressed  argon.     Either  tempér- 
ature or  pressure  can  be  controlled  independently 
by  feed-back  Systems  of  detecting  the  signais  from 
the  thermocouple  and  the  pressure  gauge,  respec- 

The  sound  velocity  was  measured  by  an  ultra- 
sonic puise  transmission/echo  technique.     A  set  of 
quartz  transducers  of  20  MHz  was  bonded  to  the  cold 
ends  of  the  sapphire  buffer-rods,  use  of  which  was 
essentiel  for  the  success  of  the  experiments. 
Sapphire  has  a  high  melting  point  (2050°C)  and  low 
thermal  conductivity.     The  time  required  for  an 
ultrasonic  signal  to  traverse  from  one  transducer 
to  the  other  was  measured  at  first.     Then  the  time 
rquirea  for  an  echo  to  return  forui  the  roJ/ sample 
interface  was  measured  for  each  buffer-rod.  The 
différence  between  the  transmission  time  and  the 
average  of  the  above  two  echo  times  gives  the  time 
required  for  the  signal  to  traverse  the  sample. 
The  sound  velocity  can  be  easily  calculated  from 
the  sample  thickness  and  the  traverse  time.  It 
should  be  noted  here  that  only  the  différence 
between  the  transit  time  and  the  echo  times  is 
concerned  with  the  détermination  of  sound  velocity. 
Therefore  the  effect  of  the  change  of  the  sound 
velocity  in  the  buffer-rods  is  essentially  elimi- 
nated.     The  procédure  described  above  was  repeated 
for  a  number  of  différent  température  and  pressure. 
This  could  be  carried  out  by  adopting  an  electr.i- 
cally-controlled  switching  circuit. 

RESULTS  AND  DISCUSSION  The  sound  velocity 

obtained  by  the  method  described  above  are  summa- 
rized  in  Fig.2.     The  error  is  ±  30  m/sec  which  is 
shown  as  an  error  bar  in  Fig.2.     Below  the  critical 
température,  the  sound  velocity  at  a  fixed  tempéra- 
ture decreases  with  the  decrease  of  pressure  in 
liquid  phase.     It  abruptly  decreases  to  a  small 
value  in  gas  phase  at  a  certain  pressure.  Above 
the  critical  température,  such  discontinous  change 
is  no  longer  observed.     Near  the  critical  point, 
ultrasonic  signal  shows  fluctuations  as  well  as 
strong  atténuation.    The  technique  developed  here 
could  be  successfully  used  to  measure  the  change  of 
the  sound  velocity  near  the  critical  point  in  spite 
of  the  strong  atténuation  (for  example  40  dB/mm  at 
-  1500°C  and  1500  kg/cm^) .     This  strong  atténuation 
may  be  related  to  the  thermodynamic  anomalies  near 
the  critical  point. 

As  the  density  is  a  measure  of  atomic  dis- 
tance, the  sound  velocity  at  a  fixed  supercr itical 
pressure  is  plotted  in  Fig.3  as  a  function  of 
density.     The  velocity  and  the  density  are  normal- 
ized  by  the  values  at  the  triple  point,  respective- 
ly.     This  normalization  is  convenient  for  comparing 
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Fig.2 

the  density  dependence  of  sound  velocity  in  mercury 
with  that  in  other  fluid  such  as  argon.     The  den- 
sity values  of  mercury  for  each  set  of  pressure- 
température  were  reproduced  from  the  compilation 
given  by  Schmutzler   (9).     At  the  density  larger 
than  9  g/cm^,  the  sound  velocity  (C)  varies  linear- 
ly  with  the  density  (p).     The  slope  (dC/dp)   is  2  x 
lO'^  cm'^/sec-g.     At  densities  smaller  than  9  g/ cm  , 
the  observed  sound  velocity  déviâtes  from  the 
straight  line.     The  change  of  the  slope  indicates 
that  some  change  in  the  structxire  of  mercury  takes 
place  at  this  density.     It  should  be  noted  here 
that  the  onset  of  the  metal-nonmetal  transition  is 
at  the  same  density  9  g/cm^,  which  has  been  found 
from  the  measurements  of  electricaL  conductivity , 
thermoelectric  power  (3) ,  and  Hall  coefficient  (4) . 
No  change  of  the  slope  can  be  seen  in  nonmetallic 
liquid  argon  (10)   as  shown  in  Fig.3.     Thus  the 
metal-nonmetal  transition  would  be  concerned  with 
the  change  of  the  slope  in  sound  velocity  of 
mercury. 

According  to  a  dielectric  formulation  on  a 
free  électron  model   (11),  the  sound  velocity  in 
liquid  metals  decreases  as  p^/^.     Présent  results 
for  divalent  mercury  plasmas  do  not  agrée  with  this 
prédiction  even  in  the  metalic  région.  Recently, 
S.   Nara,   T.  Ogawa  and  T.  Matsubara   (12)  calculated 
the  équation  of  state  in  expanded  liquid  metals  by 
using  a  lattice  model  for  the  atomic  system  and 
Hubbard  model  for  the  électron  System,  and  showed 
that  the  metal-nonmetal  transition  is  accompanied 
with  some  signularity  in  the  équation  of  state.  It 
leads  to  a  discontinuity  in  the  slope  of  isothermal 
pressure-volume  curve ,   i.e.,   to  a  discontinuity  in 
the  sound  velocity.     Our  results  did  not  show  such 
discontinuity,  but  only  the  change  of  the  slope  at 
the  metal-nonmetal  transition. 

CONCLUSION  .  The  sound  velocity  of  high-pr essure 
and  high-temperature  mercury  plasmas  could  be  meas- 
ured  for  the  first  time  by  means  of  newly-developed 
ultrasonic  technique.  The  dependence  of  the  sound 
velocity  on  the  density,  i.e.,  on  the  interatomic 
distance,  was  observed  to  change  at  the  metal- 
nonmetal  transition  (9  g/cm^)  in  a  supercritical- 


Fig.3 

isure  région.     The  sound  velocity  varies  linear- 
rith  the  density  in  the  metallic  région.  The 
strong  atténuation  of  the  ultra- 
>  observed  near  the  critical  point. 
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NON  IDEALITY  EFFECTS  IN  A  HIGH  PRESSURE  ARGON  ARC  MEASURED  BY  INFRARED  CONTINLRJM  ABSORPTION 
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Introduction  :  At  the  présent  time,  non  ideality 
effects  have  been  measured  essentially  on  the  d.c. 
conductivity  of  plasmas  produced  by  various  types 
of  devices.  For  moderately  non  idéal  plasma  (i.e. 
Nd=  «■'''""eAD^  ^  1>        électron  densityjAp  Debye 
length),  the  kinetic  transport  theory,  only  appli- 
cable in  principle  for  Np»  1 ,  has  been  prolonga- 
ted  down  to  Nj-j^  0.5,  predicting  an  increase  of 
the  d.c.  conductivity  with  decreasing  Np.  Surpri- 
singly  this  was  not  the  resuit  obtained  by  some 
authors  (/l/,/2/)  since  their  measured  conductivi- 
ty was  smaller  than  the  Spitzer  one  (Np»  1). 
Their  resuit  is  supported  by  other  theoretical  es- 
timations /3/.  However  other  experimeritalists  /H/ 
did  find  conductivities  in  accordance  with  the 
usual  kinetic  theory.  It  was  thus  interesting  to 
try  to  clarify  this  puzzling  problem  using  ano- 
ther  approach. 

Here  we  have  used  in  place  of  the  d.c.  conducti- 
vity the  a.c.  conductivity  by  measurcment  cf  the 
infrared  continuum  absorption  of  an  high  pressure 
argon  plasma.  This  method  should  be  able  to  give 
at  least  the  sensé  of  the  non  ideality  ef f ect , 
i.e.  whether  it  must  increase  or  decrease  the 
conductivity  of  a  moderately  non  idéal  plasma. 

Estimation  of  the  non  ideality  effect  on  the 
infrared  continuum  absorption  ;  The  infrared 
continuum  absorption  of  an  high  pressure  argon 
arc  plasma  (1  bar^  P  ^  30  bars)  is  essentially 
due  to  inverse  Bremsstrahlung.  The  absorption 
coefficient  including  induced  émission  can  be  re- 
lated  to  the  a.c.  conductivity  of  the  plasma  /5/ 

where  C^W^sO^*  V^^i  a.c.  complex  con- 

ductivity at  angular  frequency  Oi  • 
The  a.c.  conductivity  can  be  calculât ed  using 
Chapman  Enskog  kinetic  theory  corrected  for  small 

ftt  A      (  A  5  9  iTTWp).  However,  as  we  have 
shown  in  /5/,  the  final  formalism  turns  out  to  be 
much  simpler  than  for  the  d.c,  conductivity.  Sin- 
ce the  zero^î}  order  of  expansion  is  sufficient 
for  accurate  détermination  of  the  absorption  coef- 
ficient, allowing  also  a  decoupling  of  the  elec- 
tron-ion  and  électron  neutral  contribution.  This 
is  an  advantage  of  this  method  since  for  the  d.c. 
conductivity  SE'^  order  is  at  least  necessary,  in- 
troducing  perhaps  an  other  cause  of  uncertainty. 
The  inverse  électron  ion  bremsstrahlung  absorption 
coefficient  can  then  be  written  as 
=  -(  N^2  T^-3/2^2  g 

The  non  idéal  behaviour  of  the  plasma  only  influ- 
ences the  Gaunt  factor  G 

The  coefficient  C  expresses  the  sign  and  magnitu- 
de of  the  non  ideality  effect.  The  usual  kinetic 
theory  predicts  a    négative  C  ;  this  means  that 


the  Gaunt  factor  of  a  non  idéal  plasma  must  be 
smaller  that  the  same  quantity  for  an  idéal  plas- 
ma. The  correction  turns  out  to  be  of  opposite 
direction  compared  to  the  d.c.  conductivity,  and 
also  is  greater,  which  can  facilitate  in  princi- 
ple its  measurement .  C  can  be  estimated  using 
différent  methods  /5/.  Here  for  comparison  we 
have  chosen  the  unified  theory  which  gives  C  = 
1.56  and  Kaftlyugin  and  Norman  formula  which  gi- 
ves an  opposite  correction  (C  >  0)  in  accordance 
w.ith  the  results  of  /!/  and  /2/. 

Expérimental  set  up  and  diagnostics  :  We  use  the 
same  expérimental  set  up  for  plasma  production  as 
in  /6/.  It  is  an  high  pressure  transferred  d.c. 
arc  plasma  jet.  This  gives  a  stable  c.w.  source 
with  température  of      12500  K  and  électron  densi- 
ty  between  1x10^'^  cm-3  and  bxlO^"^  cm-3  (2^Nd^4). 
Spectroscopic  observation  and  absorption  measure- 
ments  are  made  through  NaCl  windowii.  The  absorp- 
tion source  is  a  low  power  (Ci5W)  home  made  c.w. 
CO2  laser.  Conventional  infrared  sources  would  be 
very  difficult  to  use  due  to  the  intense  émission 
of  the  plasma  itself .  The  laser  is  also  used  for 
the  Schlieren  method  which  is  exposed  further. 
The  line  broadening  measuremenis  in  the  visible 
range  are  made  with  a  conventional  grating  spec- 
trometer.  Fig.  1  shows  the  expérimental  arrange- 
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i  calorimeter  type  one , 
I  measurements ,  since  absorp- 
alibration  which  is  an  ad- 
ith  similar  émission  expe- 


;er  is  focalised  : 
a  function  of 
sured  via  the 
In  our  condil 


The  infrared  detectoi 
used  only  for  relati' 
tion  does  not  involve  < 
vantage  in  comparison  v 
riments  /6/. 

We  have  shown  /5/  that  the  real  part  of  the  refrac- 
tive  index  of  a  dense  plasma  was  not  influenced 
by  non  ideality  effects  down  to  0.5.  This  pro- 

vides a  référence  diagnostic  method  to  ensure  the 
vali-dity  of  another  method,  like  line  broadening 
for  example,  which  could  in  principle  be  sensitive 
to  non  ideality  effects.  Thus  we  have  used  an  in- 
frared Schlieren  method  /7/.  The  beam  of  the  CO2 

1  the  plasma  and  its  déviation 
latéral  plasma  coordinate  is 
tion  of  the  calorimeter  (Fig. 
of  measurement  a  simple  re- 
lation exists  between  the  axis  électron  density 
and  the  déviation  :  /«  /•  R 

A  =  4.49x10-1^  cm-1  ^ 
A  :  probe  wavelength. 

This  simple  method  has  an  accuracy  comparable  with 
the  one  of  line  broadening  method.  It  turns  out 
that  the  Schlieren  results  agrée  well  with  the 
ones  obtained  using  the  AI  4-159  %  line  broadening 
parameters  calculated  by  Griem  /8/,  for  électron 
density.  This  is  also  shows  that  in  this  Np  range 
the  line  broadening  seems  to  be  insensitive  to  non 
ideality  effects. 

The  relative  radial  électron  density  profile  is  de- 
termined  from  the  relative  radial  continuum  émis- 
sion profile  in  the  visible.  Applying  Abel  inver- 

obtain  the  électron  density  profile.  Température 
profile  is  obtained  by  application  of  Saha  équation. 

Results  and  conclusion  :  The  absorption  experiment 
gives  us  the  ratio  Im/Io,  Im  and  lo  being  the  in- 
tensity  of  the  beam  after  and  before  its  crossing 
through  the  plasma.  Those  quantities  are  measured 
as  a  function  of  the  latéral  coordinate  x.  Then 
the  local  absorption  coefficient  is  obtained  by  an 
Abel  type  équation  :  ^ 

This  absorption  coefficient  includes  three  terms, 
the  first  being  prépondérant  : 

A  •  is  the  inverse  électron  ion  bremsstrahlung 
absorption  coefficient,  ^       the  same  for  électron 
neutral  interaction.  X' corresponds  to  photoio- 
nization.  This  last  terS  cornes  principally  from 
the  shift  of  the  séries  limit  of  the  near  infrared. 
Fig.  2  gives  the  results  obtained  for  the  Gaunt 
factor  at  various  pressures  corresponding  to  tem- 
pératures between  11000  K  and  13000  K  and  électron 
density  between  1  and  4  x  lO^^  cm~^. 
The  results  indicate  that  the  Gaunt  factor  is  smal- 
1er  than  in  the  idéal  plasma  case,  confirming  that 
for  the  d.c.  conductivity  the  non  ideality  effect 
should  increase  the  conductivity  as  predicted  by 
the  usual  kinetic  theory.  Experiments  are  underway 
to  extend  those  results  in  a  wider  range  of  élec- 
tron density.  This  approach  has  thus  proved  to  be 
able    to  give  at  least  the  sign  and  also  a  reaso- 
nable  estimate  of  the  magnitude  of  the  "effect  of 
non  ideality  on  the  transport  properties  of  plas- 
mas with  a  small  number  of  charged  particles  in 
the  Debye  sphère. 
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In  a  case  that  one  uses  the  Bâtes  and 
Damgaard"^  method  for  bound-bound  transiti- 
ons and  Burgess  and  Seaton^  method  for  the 
bound-free  transitions,   it  is  necessary 
that  the  outer  électron  and  atom  interac- 
tion  (in  a  single  électron  approximation) 
has  purely  Coulomb  behaviour  for  large  r. 
In  contrast  to  this  case  under  the  plasma 
conditions,   the  electron-atom  interaction 
potential  for  both  the  bound  and  free  éle- 
ctron States  is  of  a  finite  radius  of  acti- 
on  (Debye  potential  or  truncated  Coulomb 
potential)  and  on  account  of  that  the  me- 
thods  mentioned,  when  applied  to  plasma 
would  give  results  differing  from  the  ex- 
periment. 

Our  task  is  to  develop  the  method 
which,  when  applied  to  isolated  atoms  auto- 
matically  gives  the  results  of  the  same 
accuracy  as  Bâtes  and  Damgaard  and  Burgess 
and  Seaton  methods,  while  at  the  same  time 
it  can  be  used  under  the  conditions  charac- 
teristic  of  plasma. 

It  is  well  known  that  the  condition 

r  >>r  is  fulfiled  for  a  wide  range  of  plas- 
c  o 

ma  parameters   (r^  being  a  core  effective 
radius  and  r     a  screening  radius  of  the  ef- 
fective potential) ,  and  this  is  fact  which 
enables  us  to  neglect  the  influence  of  a 
médium  on  behaviour  of  a  system  outer 
electron+core,   in  a  case  r'^r^.   This  gives 
us  an  opportunity  to  détermine  the  para- 
meters of  the  effective  potential,  that 
would  in  an  appropriate  way  describe  the 
interaction  of  the  system  outer  electron+ 
core,  by  using  the  data  for  an  isolated 
atom. 

In  choosing  the  effective  potential  we 
will  assume,   as  is  usual,   that  for  l>l^ 
the  potential  is  a  pure  Coulomb:  V=  -1/r; 
for  l<i     we  will  adopt  the  following  po- 


tential : 

V(r)=  -q/r;   q  = 


where  is  the  angular  quantum  number  of 
the  State  for  which  quantum  defect  is 


negligable;     q  represents  the  effective 
charge  which  acts  on  the  électron. 

The  basic  task  in  solving  the  problem, 
reduces  to  the  détermination  of  r^  and  the 
dependence  of  the  effective  charge  q  on  the 
angular  quantum  number  l,  and  for  a  given  l 
on  the  energy.  The  effective  radius  in  our 
model  dépends  only  on  the  choice  of  n^,  in 
such  a  way  that  q{e,i^)    is  close  to  unity 
and  is  of  the  order  of  magnitude  of  the 
core  radius  r^;  détermination  of  q  is  li- 
mited  by  the  condition  that  for  the  wave 
functions  corresponding  to  the  experimen- 
tally  determined  energy  of  the  states  the 
number  of  zéro  is  regular. 

As  is  usual  we  will  take  radial  wave 
function  ^^{r)  in  the  form:  R^^^(r)  = 
-P  For  the  bound  states    (e=  -y^/2) 

function  P     ^ (x)    (where  x=2Yr)  satisfies 
the  standard  Wittacker  équation,  with  para- 
metersa6=  q/Y,  P  =  ^+1/2,  and  can  be  ex- 
pressed  via  its  solutions         ^ (x)  (for 
r<r^)  and  W^^  y  (x)    (for  r<r^)  .  For  the  free 
states    (e  =  k^/2)   corresponding  solutions 
are:   for  r<r^  -  F^(n,y)  and  for  r>r^  - 
Cj_Fj^(n,y)   +  C^G^{r),Y)  where  y=kr,  n=q/k 
and  are  obtained  from  preceded  solutions 
by  using  the  formai  substitutionj^-»— in  / 
x->2iy . 

In  the  case  r=r^  it  is  necessary  that 
the  condition  of  continuity  of  the  function 
and  its  derivative     are  fulfiled.   For  e<0 
they  are  satisfied  with  the  proper  choice 
of  q  and  the  "sewing"  constant;   for  e<0  - 
by  choice  of  the  coefficients  C-j^  and  C2 
with  q  extrapolated  from  the  range  e<0  to 
e>0. 

The  phase  6   ,  which  is  a  conséquence 
of  the  déviation  of  the  effective  potential 
from  purely  Coulomb  one   (-1/r  for  ail  r) 
is  given  by: 

(5j^=arctg(C2/C3^)+jTi  (1) 
where  j  is  an  arbitrary  integer. 

The  check  of  self -consistency  of  the 
method  when  £->+0  (the  equality  6j^(0)  = 
■n\j    (0)  when  j   in  eq.  (1)    is  correspondingly 
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choosen) ,   is  performed  by  using  the  asymp- 
totic  expressions  for  the  radial  wave  fun- 
ctions    I3S,   n->»,  »►<»)   and  p  (O)   -  the  value 
of  quantum  defect     extrapolated  at  e=0. 
R  e  s  u  1  t  s: 

The  proposed  method  we  tested  in  the 
case  of  the  heavy  noble  gases;  as  an  illus- 
tration we  will  présent  the  results  obtai- 
ned  for  Argon. 

Since  in  the  case  of  Argon  f  states 
are  practically  hydrogenic,  we  adopted 
^-Q=3.   For  r^  we  obtained  the  value  r^=1.7 
which  is  consistent  with  the  assumptions  of 
the  method   (effective  radius  of  the  Ar"*"  ion 
is    r^  :  1,5). 

On  fig.l  we  presented  the  dependence 
of  the  effective  charge  q  on  the  angular 
quantum  number  l  for  r^=1.7  and  for  the 
main  quantum  number  n=4    (which  in  the  case 
of  Argon  corresponds  to  the  first  excited 
f  State) . 

On  fig.2  as  an  illustration,  we  give 
the  43  State  wave  functicn  fer  0<r<lO;  with 
crosses  we  displayed  the  behaviour  of  the 
wave  function  for  small  r,  obtained  by 
using  the  asymptotic  expression  for  the 
PiTt.)   function.     It  is  obvious  that  the 
results  of  our  calculation  obtained  for 
bound-bound  transitions  should  be  identical 
with  ones  obtained  using  the  Bâtes  and 
Dagmard  method  in  the  domain  where  it  is 
applicable,   if  we  use  the  same  asymptotic 
normalization  constant. 

On  fig.3  we  presented  the  dependence 
q(£)     for  «.=0,1,2.   On  fig.   4  we  give  the 
dependence  of  the  corresponding  quantum 
defects  u(e)   for  the  same  Si.   By  comparing 
figures  3  and  4  it  becomes  évident  that  q 
and  y  dépends  on     e  in  the  same  way. 

The  phase  &^  which  we  obtained  is  in 
agreement  with  the  corresponding  quantity 
6j^=TTiJ^   (for  j=2)   that  appears  in  the 
quantum    defect  method.   In  the  range  of 
énergies  in  which  the  quantum  defect  method 
is  applicable  6^  and  6^  in  a  worst  case, 
differ  by  some  5%. 

As  a  conséquence  of  the  results  pre- 
sented it  is  obvious  that  the  method  propo- 
sed above,   in  the  case  of  isolated  atoms, 
automatically  ensures  an  accuracy  not 


smaller  than  that  of  the  Bâtes  and  Dagmaard 
method  as  well  as  Burgess  and  Seaton  method, 
in  a  domain  where  they  are  applicable. 

The  advantage  of  the  method  we  propose 
consist  in  the  fact  that,  by  using  ones 
determined  dependence  q(e)   for  <!'<Î'qJ  it 
enables  us  to  perform  the  calculations  even 
under  the  conditions  characteristic  of 
dense  plasmas  when,   for  large  r,  V(r)  dif- 
fers  substantialy  from  the  Coulomb  poten- 
tial. 
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THE  CONDUCTIVITY  GF  DENSE  CAESIUM  PLASMA  NEAR  THE  SATURATION  LINE 


A.N.  Lagar'Kov,  A.K.  Sarychev. 

Institute  of  High  Températures,  U.S.S.R.  Aaademy  of  Sciences,  Mosaow,  U.S.S.R. 


The  measurements  of  electrical  conduc- 
tivity  of  saturated  caesium  plasma/1 /have 
demonstrated  the  extremely  large  values, 
exceeding  the  results  of  the  usual  gas- 
kinetic  considération  by  5-6  orders  of 
magnitude. The  mesurements  of  conductivity 
at  20  atm./2/have  shovm  abrupt  decreasing 
in  narrow  température  interval  near  satu- 
ration line  and  then  according  to  the  gr- 
ov/th  of  température, relatively  smooth  in- 
creasing(Pig.   ).The  anomalious  behaviour 
of  conductivity  will  be  explained  here 
with  the  formation  of  higher-order  ionic 
clusters.The  minimum  at  isobar  arises  due 
to  concurrence  of  two  processes;  the  ionic 
clusters  dissociation  and  thermal  ioniza- 
tion  of  neutral  atoms. 

The  influence  of  heavy  ions  on  conduc- 
tivity for  the  first  time  was  discussed 
by  Leckenby  and  Robins/3/.They  showed 
that  the  présence  of  the  quadramer  sodiiAm 
cluster  would  increase  the  conductivity 
of  sodium  vapour  by  an  order  of  magnitude 
over  that  expected  for  the  monomer.The  a- 
tom  of  caesium  has  polarization  constant 
which  is  larger  than  one  for  sodium. That 
is  why  the  caesiim  vapour  at  high  pressu- 
re has  to  contain  more  heavy  ions. The  st- 
ructure of  such  ions  is  investigated  very 
badly,there  are  no  data  on  the  ir  rôle  in 


ionization  equilibrium  of  plasma. The  semi- 
conductors  theory/4/helps  overcome  the 
dif f iculty .Let  us  consider  the  express- 
ion for  free-energy  caesiura  vapuor  with 
ions  in  a  centre  of  it.'Je  v/ill  suppose 
that  the  concentration  of  particles 
dépends  on  co-ordinates. Such  dependence 
is  due  to  the  strong  polarization  attra- 
ction of  caesium  atoms  to  the  ion. In  or- 
der to  take  into  account  the  expression 
for  the  free  energy  is  used  which  corre- 
sponds to  the  Van-der-V/aals  équation. 
Thus,the  expression  for  the  free  energy 

where  ^  is  reciprocal  température  in  ene- 
rgetical  units,.B  the  total  volume .ilj  is 
the  volume  with  characteristic  scale  of 
atom-ion  interaction, a  and  ^  are  the  Van 
der-V,'aals  parameters .The  valueA^is  the 
average  concentration  of  particles  in 
the  .ol^eSl.Si,  A/,.  ^f^L:Ajl^f^ 
A^is  the  average  concentration, 17  (T)is 
the  potential  of  ion-atom  interaction 
from  calculation/6/, t  is  dielectric  per- 
raeabili1j''>.aking  into  account  the  decrease 
of  potential  due  to  dipols  interaction. 
According  to/5/  l*  d. 

where'^is  the  polarization  constant. For 
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the  value  of  oL  is  430  a^Let  us  suppose 
the  concentration       ("2)18  changed  very 
strongly  in  the  volume      and  in  the  volume 
Slthe  fluctuation   C(^J  ^  à^lllpA^ «  j  . 
\Ve  v;ill  find  such  distribution  of  concen- 
tration in  the  total  volume  S^.,which  corr- 
esponds to  the  minimum  of  free  energy.Por 
this  purpose  let  us  find  the  change  of 
free  energy,due  to  ionic  cluster  formati- 
on  ^,F,  ic\^f^fdtl(cm^^)  Ul^'fj:^^'"}- 
.  ^  -^Né(€)a  +  f,  U(t)lcm^^)/£ }  (2) 
The  optimum  fluctuation    is  foimd  from 
the  condition  S'^Fi/^c'Û.It  satisfies  the 
following  équation 

C/71-  (ex,,  (-p,  Û(t  ))  -         ex/>  l-j8  mj/Co) 

At  small  températures  the  equation(3)can 
have  three  roots. The  smallest  and  the 
largest  ones  are  realized, that  corresponcÈ 
to  the  phase  transition  from  gas  to  liqu- 
id  State  inside  the  cluster. At  high  tem- 
pératures equation(3)has  one  root  and  theie 
is  no  transition  inside  cluster. By  means 
of  free  energy  minimization  we  get  the 
équation  for  concentration  of  negatively 
and  positively  charged  particles.We  supp- 
ose that  electron-neutral  atom  and  ion- 
neutral  atom  interaction  is  dominant  ,vi/h- 
ile  électron, electron-electron, lon-electr 
on  interactions  are  negligible . So  we  have 

where  ~.  , 

The  quantity^/^can  be  written  analogical- 
ly.The  calculations  show  that  the  concen- 
tration of  negatively  charged  particles 
has  a  deep  minimum  at  isobar.This  minimum 
corresponds  to  the  minimum  of  conductivi- 


ty  in  Pig.The  same  methods  as  in  /7,8/ 
y/ere  used  for  the  calculation  of  electri- 
cal  conductivity  of  a  dence  caesium  plas- 
ma. The  reults  are  shown  in  Fig. 
I.Renkert  H,Hensel  P., Frank  E.U.Ber.Bun- 
senges,Phys.Chem. ,75,507(1971 )  2.Alekseev 
V.A.   et  al. VI  Inter.  Conf. High.  Près. Hoscov/, 
677(1975)  3.Leckenby  R.E.,Robbins  E.T., 
J.of  Phys. ,1B, 441 (1968)  4.Krivoglaz  M. A. 
Usp.Fiz.Nauk, 1 1 1 ,617(1973)  5.Leckner  T., 
Phys. Rev., 158, 130(1967)  6.ValanceA.,  J. 
Chem. Phys., 69, 355(1 978)  7.Lagar'kov  A.ïï. 
Sarychev  A.K.  JETP, 68 , 641 ( 1 975 ) .  S.Lagar' 
lov  A, N. , Sarychev  A.K. ,Teplofiz.Vys.Temp. . 
16,903(1978). 


. -experiraent/1/at  saturation  line, 
experiment/2/,performed  at  isobar  p=20 
atm,  o -experiment/1/at  2073K  and  2273K, 
^-results  of  présent  work  at  p=20atm,2,3, 
4-results  at     =0. 22, 0.43,0. 75^3^^^^?^°^^- 

vely,  yq.-critical  density,  results  at 

saturation  line. 
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EXPERIMENTAL  INVESTIGATION  OF  THE  ELECTRICAL  AND  HEAT  CONDUCTIVITIES  OF  ALKALI  DENSE  PLASMAS 


V.V.  Vorobiov,  P.P.  Kulik,  A.V.  Pallo,  A.A.  Rakitin,  E.K.  Rozanov  and  V.A.  Riabyi. 

Mosaow,  U.S.S.R. 


This  work  is  a  further  development  of 
the  investigations  [1,2]  of  allcali  dense 
highly  non-ideal  plasma  generated  by  pul- 
sed  high  pressure  (up  to  1000  atm)  arc 
discharge  stabili^ed  by  a  transparent 

The^eipSîoental  device  (Fig.1)  includes 
quartz  or  glass  capillary  between  nozzle 
and  cup  électrodes,  the  last  being  made 
of  tantal  and  filled  by  solid  alkali  mé- 
tal. Thèse  éléments  are  set  into  an  ar- 
gon high  pressure  vessel  to  unload  the 
capillary  from  the  inner  pressure  and  so 
prevent  its  distruction  during  or  just 
after  the  discharge.  Two  tungsten  floa- 
ting  probes  allow  to  measure  the  electri- 
cal  field  E=  aIT/aL   of  the  arc  coluœn 
( AU  being  the  poteutial  drop  between 
the  probes,  located  at  the  distance  ). 
The  arc  électrodes  are  connected  to  a 
capacitor  bank  through  an  inductor.  The 
discharge  is  triggered  either  by  an  in- 
terellectrode  wire  (Fig.1)  or  by  means 
of  a  short  auxilliary  discharge  between 
the  cup  électrode  and  an  additional  élec- 
trode. For  a  capillary  of  diameter  "  2  mm 
and  length  -  15  mm  the  currect  amplitude 
reaches  1  kk  and  the  discharge  lasts 
^ 20  msec.  The  argon  détention  volume 
outside  of  the  capillary  has  been  increa- 
sed  up  to      70  cm    (compared  to  4  cm  in 

[1-3J).  This  measure  guarantees  the  dis- 
charge plasma  pressure  to  be  essentially 
constant  and  equal  to  initial  argon  sta- 
tic  pressure  in  the  vessel. 
In  this  work  Cs,  K,  Na,  Li  and  78%  K  + 
22%  Na  eutectic  alloy  (weigiit  %%)  have 
been  investigated.  The  pressure  levels 
adopted  are  100,  300  and  1000  atm  (for 
Cs  the  intermediate  pressure  is  250  atm). 
Using  dual  trace  storage  oscilloscope, 

(I)  dependences  have  been  recorded, 
which  for  known  probe  séparations 

tt  =1.5-4  mm  can  easily  be  transformed 
into  El-characteristics.  Thèse  measure- 
œents  correspond  to  time  séquences  when 
plasma  uniformly  fills  the  interprobe 
space.  This  fact  has  been  confirmed  by 
speed  filming  of  the  arc  coluœn  through 
a  window  (Fig.1). 

Spécial  expérimente  using  a  floating  pro- 
be technique  have  reinforced  the  argu- 
ments of  L1'-3l  plasma  purity.  In 
particular  a  longitudinal  array  of  pro- 
bes, that  proved  the  plasma  potentiel 
variation  along  the  arc  column  to  be  li- 
near,  have  shown  that  the  total  électro- 
de potentiel  drop  is  localized  at  the 
cup  électrode  at  any  arc  polarity.  This 


potentiel  drop  turned  out  to  be  more  in 
magnitude  at  the  normal  arc  polarity 
when  the  cup  électrode  is  a  cathode. 
Such  polarity  led  to  more  intensive  al- 
kali métal  évaporât ion  and  better  ven- 
tilation of  the  discharge  space  than  in 
the  case  of  inverse  polarity,  so  the  pré- 
sent experiments  were  carried  out  at  nor- 
mal arc  polarity. 

Expérimental  Él-data  were  further  trans- 
formed into  isobars      «"aCT^n)        [3]  where 
g,=  l/<rR'^E  .    THn=  (El/2irfiae)1^ 

Hère  R-capillary  radius,  3e  -Stephan- 
-Boltzmann constant,    T„n -outer  surface 
température  of  the  arc  column. 
Following  [2]  expérimental  dependènces 

(5*  (T)  and  A  (T)  have  been  obtained  by 
solving  the  full  inverse  problem  of  heat 
conductivity  based  on  the  équations     [2] : 

Tf«)  =  T„„^  E^i  l'5'2<=^2  (1) 

K.  Z  0 

^  =21l-^^^^dLz  (2) 
where  (1)  is  the  resuit  of  intégration 
of  the  Elenbaas-Heller  équation  for  the 
présent  conditions  and  (2)  is  the  expre- 
ssion for  the  average  electrical  conduc- 
tivity. Dependences    6  (T)  and    À  (T) 
have  been  found  by  means  of  a  numerical 
variational  method  using  a  moaified  Monte- 
-Carlo  technique. 

The  results  of  the  présent  investigation 
are  shown  on  Fig.2  for  d  (T,P)  and  in 
the  Table  for  A  (T,P).  Within  the  expéri- 
mental errors  thèse  data  reasonably  agrée 
with  the  previous  results     [1]  for 

<5(T,P)  and  contain  the  following  new 
information:  1)  (5  (T)  for  P=100  atm; 

2)  6  (T)  for  T  »  3000  K  at  P=1000  -atm; 

3)  A  (T,P). 
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THERMODYNAMICAL  FUNCTIONS  FOR  DENSE  MULTICOMPONENT  PLASMAS 
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*Laboratoire  associé  au  C.N.R.S. 


To  study  plasma  thermodynamics ,  we  need  an  ef- 
fective potential  u..(r)  for  the  interaction  bet- 
ween  a  particle  of  species  i  and  a  particle  of  spe- 
cies  j.  This  potential  takes  in  account  the  quantum 
effects  at  small  relative  dis  tances  ^  ^  '  "^^ .  For  the 
thermodynamical  calculations ,  we  use  simple  analyti- 
cal  expressions  : 

—  (l-exp(-/2Tr  v^))  for  unlike  particles. 


2  ( 


,Log2_ 


(1) 

like  particles. 


rith  :  ^.  .=fi(- 
ij 


reduced  mass. 


Thèse  potentiels  yield  back  the  exact  value  for  r=o 
(2) 

and  B=o^  \Log(2)  takes  account  exchange  effect  of 
the  two  particles (spin=l /2) .  We  know  of  a  better 
(4) 

approximation      which  reads  : 


u.j=  z.Zj  ^  (l-exp(-rP(r))) 

where  P(r)  is  a  polynomial.  For  the  electi 
potential  a  very  good  approximation  is  : 


(2) 


P(r)=A-(- 


-)r-A(-r-  -  ,  with  :  A=  -  - 


There  is  a  maximum  relative  error  of  0.01  at  10  K, 
0.003  at  iO^K  and  less  than  0.001  at  lO^K.  With  the 
form(l)^  there  is  a  relative  error  of  0.1    (near  r=^). 
The  approximations  (1)  or  (2)  always  imply  e'^B«^ 
(kT^lRy.).  Thèse  techniques  of  effective  potentials 
are  adéquate  for  <<<d(mean  distance  between  parti- 
cles). We  take  into  account  only  of  the  exchange  of 
two  particles. 

We  started  to  study  the  thermodynamics  with  the 
simpler  fonii(l)  for  u(r).  In  fact,  in  a  plasma  made 
of  électrons  and  several  ion  species, we  consider 
the  potential  between  two  ions  to  be  classical  and 
we  use  the  form(l)  only  for  a  potential  between  an 
électron  and  an  ion  or  between  two  électrons. 

Now,  we  can  study  the  plasma  thermodynamics, 
compute  the  corrélation  functions  g..(r)and  the  ca- 
nonical  thermodynamical  functions  in  term  of  the 


ité  Paris-Sud,  Centre  d'Orsau, 


plasma  parameter  A=e  S/X^  and  a  quantum  parameter 
^/Xp,  where  X^^  is  the  Debye  length^^^We  use  the 
expansion  with  respect  to  A  in  term  of  nodal 
graphs^^). 

To  describe  the  thermodynamics  of  multicompo- 
nent  plasma,  we  use  a  matrix  language^^^  The  Debye 
like  potential, V. . (r) ,  is  shown  in  the  next  figure 
in  which  the  sums  run  over  ail  species, and  straight 
lines  are  the  interactions  (température  dé- 

pendent) between  two  particles. 


(Debye  chaini 


k=i  kiiin  , 

EèË  lAyA;  .... 

Lation  :  V(k)=  ll(k)  .  [l  +  U(k).c]" 
( 


te  the  Fc 
/pBCj 

\  0 


(u.  .  and  ^. .  d( 
and  V .  .  ) 


ransforms  of  u.  . 


is  the  i  species  concei 
rical  density  of  species  : 
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milar  to  the  well  known  one  for  a  one  component 
plasma. 

For  an  electron-proton  plasma,  with  the  potentials: 

rJr^  r/4^ 
u^^(r)=  f-  (l-exp(-  ^)).u^p=  -  -^(l-expC-  ^)  ) 

and  "pp(r)=  e^/r  (-5(=  "^^^^ 
account  symetry  effects),  we  obtain,  for  instance  : 

Vee=f^('  .|n^[exp(-f-0  .  f  )  ) 

-exp(-|/27(I  -^))]. 

V  "^  ^^'"'^  )exp(-^  (1  -f)) 
2  2 

-  ^  exp(-  J  /ThCI-  ^))-exp(-  I  /4^)J  , 

2  2 

-  -H-  exp(-  \  ft.{\  -  ^))], 

with  :  n  =  ^//27        «  1  . 

For  a  classical  electron-proton  plasma  (u(r) 
is  the  coulombic  potential) ,  if  the  number  of  Debye 
chains  arriving  to  a  nodal  point  is  odd,  the  graph 
vanishes^^\  This  is  not  right  when  température 
dépendent  potentials  are  needed.  This  is  right  only 
for  the  coulombic  contribution  to  the  graph  but 
there  is  an  additional  quantum  contribution.  We  are 
currently  considering  the  electron-proton  plasma 
and  also  the  electron-proton-iron  ion  plasma  at 
least  a  first  order  in  A.  We  shall  be  able  to  give 
résulta  in  a  short  time. 
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TWO  PARTICLE  EFFECTIVE  POTENTIAL  OF  A  DENSE  HYDROGENEOUS  PLASMA 
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1  -  INTRODUCTION 
In  many  problems  dealing  with  thermodynamic 
functions  and  transport  properties  of  a  dense  fluid 
or  a  dense  plasma,  it  is  essential  to  have  a  préci- 
se knowledge  of  the  form  of  the  two-particle  effec- 
tive potential  (or  binary  Slater  sum)  and  the  cor- 
responding  pair  corrélation  function.  Here  we  con- 
sider  the  simplest  case  of  a  gaseous  hydrogeneous 
plasma  at  températures  high  enough  for  the  hydrogen 
molécules  to  be  dissociated,  say  about  10  K.  In 
this  System,   the  classical  calculation  of  the  pair 
radial  distribution  function  g2(r,T) (r.d.f . )  diver- 
ges when  the  distance  between  particles  r  tends  to- 
ward  zéro,  due  to  a  singularity  at  r=0.   In  order  to 
remove  this  singularity  it  is  necessary  to  take  in- 
to  account  the  quantum  effects.  But,  the  inclusion 
of  thèse  effects  increases  considerably  the  diffi- 
culty  of  calculations.  To  keep  thèse  calculations 
analytic  one  has  to  make  some  simplifying  approxi- 
mations. Following  thèse  lines  and  for  k^T  >  1  Ryd, 
Deutsch  [l]  obtained  a  Kramers-like  pseudo-poten- 
tial  in  the  framework  of  the  Two-Component  Plasma 
model.  In  earlier  works,  with  the  inclusion  of  Dif- 
fraction [2]  and  Symmetry  effects   [3] ,  some  formal- 
ly  analogous  expressions  were  derived,  in  high-tem- 
perature  and  dense  classical  électron  gas  with in 
the  framework  of  the  One-Component  Plasma  model. 
Références  to  previous  works  on  this  problem  are 
given  by  Barker   [4] ,  and  Davies  and  Storer  [s] . 

2  -  NUMERICAL  COMPUTATION 
At  the  présent  time,  an  exact  calculation  of 
the  quantum-mechanical  r.d.f.  at  any  séparation  r 
is  only  feasible  by  means  of  heavy  electronic  com- 
putations.  In  this  work,  which  is  an  extention  of 
Barker's  study  [4],  we  are  Computing  numerically 
ggp(r.T) ,g^^(r,T) ,  and  their  corresponding  effective 
potential  at  ail  distances  and  at  différent  tempe- 
ratures,  with  a  high  accuracy  (errors  less  than  one 
over  10^).  g^^  and  g^^  are  respectively  électron- 


proton,  and  electron-electron  r.d.f.  As  two  exam- 
ples of  thèse  calculations  :  figure  I  shows  varia- 
tions of  g^  versus  rT  at  différent  températures 
T  ;  while  figure  2  illustrate  the  contribution  of 

and  g^  to  g^    at  T=10  K.  g^  and  g^  are  respecti- 
ve contributions  to  g      from  bound  states  and  sca- 
ttered  states  of  e-p  System.   In  this  figure  g  is 
the  r.d.f.  corresponding  to  a  Coulomb  potential  : 
g^  =  exp  (-6e^/r)        with  6  =  (k^T)"' 
Based  on  thèse  and  other  results  we  obtained 
the  following  simple  empirical  expression,  which 
reproduces  quite  satisf actorily  the  exact  numerical 
results  : 

^n  g^p(x,Y)=-[(Y/2)'^^/x]{exp[-(ax+bx^+Cx^]-l} 

where  x=r/^  ;  X  is  the  thermal  De  Broglie  wave- 
length  ^(=îi(6/p)  ' u  is  the  reduced  mass  ; 

a  =  (2.)'/2  +  (^/2)l/2^(^2/3^_^j 

-  (2y2)'/2tç(3)(./4)'/^(.3/9)'/2_(^5/3^)./2^. 

a^  a^  2  2 

b  =  2-  -  2  ;  c  =  a(|-  -2)   ;  and  y  =  2(eVfi)  p6 

3  -  SMALL  r  REGION 

The  exact  quantum-mechanical  expression  for 
r.d.f.  can  be  arranged,  after  a  lengthy  calculation, 
in  increasing  power  of  r.  The  final  resuit  for 
Sep  -  = 

g^p(x,y)  =  -  (2y)'/2x.yx2 

P      3/2  2 

-  -g(J)      x^(5+4D^)+  ^  x^7  +  20  ^D^) 

I     Y  5  2 

-  225^r      X  (21  +  lAO  D^  +  64  Dp 
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Z        ^  exp  (Y/4n^)] . 


when  r  is  small  (x  <<  1),  the  first  few  terms  of 
this  expression  gives  a  satisfactory  approximation 
of  exact  g 

ep 


Finally,  we  pay  attention  to  the  very-high  tem- 
pérature régime,  where  relativistic  effects  become 
non-negligible  for  plasma  with  large  Z  species. 
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-  Electron-proton  radial  distribution 
function  g^^  at  différent  températures. 

-  Electron-proton  radial  distribution 
function  versus  rT. 

and  g^  are  respective  contributions 
to  g^p  from  bound  states  and  scattered 
States . 

g    is  the  r.d.f.  corresponding  to  a 
Coulomb  potential. 
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Introduction 

This  paper  describesthe  results  related  to  the 
computational  simulation  of  the  résonant  inter- 
action between  radiation  belt  energetic  électrons 
and  a  cohérent  wave  propagating  in  the  whistler 

Due  to  the  inhomogeneity  of  the  geomagnetic  field 
the  électrons  may  be  kept  trapped  by  the  field 
lines,  depending  on  their  pitch  angle,     their  move- 
ment  being  controlled  by  the  field;  when  a  wave 
field  is  présent  the  motion  of  thèse  particles 
might  be  affected  and,  as  a  resuit  of  the  résonant 
interaction  with  the  wave,  a  précipitation  of  élec- 
trons into  the  ionosphère  may  take  place  due  to  si£ 
nificant  changes  of  their  pitch  angles.     Ihe  study 
of  the  mechanisms  that  lead  to  stimulated  précipita 
tion  of  électrons  was  the  main  purpose  of  the  com- 
putational simulation.  Introdi-cing  a  sptatially  vary 
ing  low-amplitude  model  for  a  whistler  wave  we  sta- 
te  the  importance  of  a  cyclotron  résonant  mechanism 
by  which,  in  a  single  encounter  with  the  wave,  a 
particle  may  precipitate  due  to  a  significant  de  - 
créase  of  its        ;  this  mechanism  differs  consider- 
ably  from  the  one  that  underlies  cyclotron  résonan- 
ce with  high  amplitude  whistlers  that  phase-trap 
électrons  (multiple  résonance)  and  might  force  its 
|\^|    to  grow,  thus  leading  to  précipitation. 

Computational  Model 

The  simulation  was  performed  for  the  magnetospheric 
région  L=4  corresponding  to  the  experiment  taking 
place  between  Siple  (transmitter ,  in  Anctarctic)and 
Roberval  (receiver,  in  Canada). 

The  geomagnetic  field  was  simulated  by  a  dipolar 
field  and  the  adopted  values  for  the  density  of  the 
cold  plasma  électrons  in  the  equator  varied  be- 
tween typical  values  of  10  and  10^  el/cm^;the  equa- 
torial  plasma  frequency  is  determined  by  this  den- 
sity value,  and  the  gyrof requency  model  was  used  to 
describe  plasma  frequency  variation  along  a  field 


line  /  1  /. 

The  équations  of  motion  of  the  électrons  under  the 
simultaneous  effect  of  the  geomagnetic  field  (  B  ) 
and  of  an  injected  cohérent  whistler  wave 
(6^,0),  k(z))  are: 

v„  =  -  v,   a  sin  0  -  (v.^  /2B) 


■  a(v„- 


-)  s  il 


L  /2B)  ^ 
— )  cos  0 


3  b 


where  (a.o)^)  =  q  (B^,  B)  /  m,        =  (lo-  u^)  /  k  is 
the  cyclotron-resonance  velocity,  and  0  is  the 
angle  between  -B^  and  Vj_  .  It  was  then  possible  to 
track  the  particles,  making  use  of  fourth  order 
Runge-Kutta  formulae  (in  the  modification  due  to 
Gill).     The  time  step  of  intégration  was  taken  as 
h  <<  Tj^^  =    2  Ti  (a  k  Vj_  )~  .     Early  computa  - 

tions  were  performed  with  constant  amplitude 
whistlers  but  we  noted  that  most  of  the  times  the 
final  pitch  angle  of  a  particle  beginning  its  inter_ 
action  with  the  wave  in  the  northern  hémisphère  was 
almost  the  same  as  in  the  symétrie  point  in  the 
Southern  hémisphère,  given  the  simmetry  of  the  geo- 
magnetic field  and  of  the  whistler  amplitude  around 
the  equator.  So  we  built  a  spatially  varying  ampli- 
tude model,  increasing  along  the  equator  and  reach 
ing  saturation  values  in  the  northern  hémisphère 
(typically  B^  ~  50  m^)  corresponding  to  expérimen- 
tal values  of  the  amplitude  amplification  of 
injected  whistlers,  which  may  reach  30  db  /  2  /. 
Results 

We  followed  the  cyclotron-resonance  interaction 
from  -6°N  latitude  to  ~6°S  latitude.     Outside  this 
région  the  influence  of  the  geomagnetic    field  is 
prédominant  over  the  whistler  field. 
It  was  possible,  near  résonance,  to  check  the  in- 
variance (variation  of  1  in  10000)  of  the  parameter 


ntroduced  by  Karpma 
=  (v^  . 


al  /  3  /, 
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Depending  on  the  initial  conditions  (Fig.l, table  1) 
the  électrons  might  go  through  multiple  or  single 
résonances  (the  résonances  in  the  southern  hémis- 
phère being  meaningless  because  of  the  local  lower 
amplitude  of  the  whistler).  In  the  simulations 
using  low-amplitude  whistlers  with  frequencies 
between  3  and  8  kHz  showed  that  only  single  resonan 
ces  could  lead  to  électron  précipitation. 
The  results  for  three  typical  électrons  undergoing 
the  interaction  with  a  A  kHz.B        -50  my  whistler 
are  shown  below;  thèse  particles^^ad  initially  the 
same        and  Vj_  (and  therefore  the  same  a)  but  diff£ 
rent  0  (30°,  120°, 210°). 

For  the  initial  values  of        =  5  ^  10^  m/s, 
|\^^|  =  2.9  X  10^  m/s,  o  =  9.75°  at  5.7°N  latitude, 
the  following  final  values  around  latitude  6°S 
(a    ~5.A5  )  were  obtained: 


Al 


|v„|('o'- 


GEOMAGNETIC    LATITUDE  (  °) 


FIG.l  Evolution  of|Vg|  and  \  v^^\  of  the  électrons 
(1,3-single  résonances;  2-multiple 
résonance) 


 --y\j 

\  ^ 

3 

WvAAAAAA/Xy / 

GEOMAGNETIC    LATITUDE  (  °) 

FIG.2  Evolution  of  loss  cone  and  électron 
pitch  angles 

As  clearly  shown  in  FIG.2  only  particle  1  precipi- 
tated  (a^  <  a^^). 


Conclusion 

For  particles  submitted  to  single  résonances ,their 
pitch  angle  changes  are  mainly  due  to  v,  variations. 
The  Doppler-shif ted  frequency  equals  the  gyrofre  - 
quency,  and  thus  the  wave  fields  seen  by  thèse  par- 
ticles rotate  with  the  gyrof requency  as  their  v^ 
nearly  do.  As  long  as  a  particle  is  close  to  a  ré- 
sonance, which  happens  for  a  significant  time  inte£ 
val,  its  v    will  be  changed  by  the  continuously  cu- 
mulative action  of  the  wave  electric  field  upon  the 
particle.     It  is  easily  seen  (FIG.  3)  that  if 
(vj_  .E  )  >  0,  (0  <  0  <  tt)  ,  Vj_  will  decrease  and  if 


(v 


E  )<  0,  (-^ 


■■  0), 


will  : 


icreai 


In  the  case  of  multiple  résonances,  although  v^ 
oscilates,    the  associated  particle  trapping  leads 
to  a  decrease  of  j  v^J  for  électrons  approaching  the 
equator,  and  thus  to  a  growth  in  pitch  angle, 
bince  the  adopted  amplitude  model  leads  to  detrapp- 
ing  near  the  equator,  in  this  case  there  is  no  pr£ 
cipitation.     Note,  however,  that  différent  amplitu 
de  models  could  lead  to  différent  conclusions.  We 
must  emphasize  that,  according  to  the  adopted  mode], 
only  singly  résonant  particles  can  precipitate  when 
low  amplitude  whistlers  are  considered. 
Another  important  resuit  of  the  computation  was  to 
suggest  a  simplified  analytical  model  of  the  cyclo- 
tron  résonant  interaction  near  v^^  =  V^;  intégration 
of  the  équations  of  motion  can  then  be  simply  per- 
formed.     Work  along  thèse  lines  will  be  the  object 
of  future  comunications . 


y.. 


Relative  position  of 
particle  velocity  and 
whistler  fields. 
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Whistler  wave; 


!  observed  to  be  trap- 


ped  in  the  narrow  density  trough  of  width  2d  £  X// 
(parallel  wave  length) .     The  phase  and  amplitude 
profile  of  ducted  whistlers  is  measured  along  and 
across  the  trough.     The  expérimental  results  are  In 
good  agreement  with  the  récent  trapplng  theory. 


has  1 


of  whlstlei 
lechanlsm  guldlng  the 
fleld  In  geo- 


Ducted  propagati 
widely  recognized  as  a  mechan 
energy  along  Unes  of  magneti 
magnetosphersl  In  the  f leld-aligned  density  trough 
or  hump  ('duct'),  whistlers  are  trapped  somewhat  in 
the  manner  of  a  metalic  wavegulde.  The  convention- 
al  ray  theory^  cannot  be  applled  to  the  narrow  duct 
(2d  5  X,^) .  The  récent  theory^  solving  the  eigen- 
value  problem  has  predlcted  that  whistler  waves  are 
trapped  even  in  the  narrow  density  trough. 


In  this  paper  we  présent  laboratory  experi- 
ments  of  whistler  wave  trapping  in  the  narrow  den- 
sity trough.     The  détails  of  plasma  device  has  al- 
ready  been  reported  elsewhere?    The  experiment  is 
performed  in  an  afterglow  plasma  of  density  n  n 
7  X  10^^  cm-'  and  électron  température  kTg  =  0.3  - 
0.8  eV,  under  the  magnetic  field  Bq  =  100  -  200  G. 
The  f ield-aligned  density  trough  is  artificially 
produced  in  the  novel  fashion  where  the  depth  and 
the  width  of  the  duct  can  be  controlled  arbitrally. 
Whistler  waves  of  frequency  (jj/2tt  =  100  -  500  MHz 
are  excited  with  an  electric  dipole  antenna.  The 
rf  power  applied  to  the  exciter  antenna  is  so  small 
that  the  wave  nonlinearity  and  the  électron  heating 
due  to  antenna  actions'*  is  excluded. 

While  the  wave  energy  flow  diverges  in  the 
uniform  density  profile,  the  narrow  density  trough 


^ig.l.     Relative  wave  amplitudes 
across        at  différent  axial 
distances  from  the  exciter  an- 
tenna, together  with  the  density 
profiles  in  the  absence  (a)  and 
the  présence  (b)  of  the  narrow 
density  trough.     uifO,  =  0.70, 
ÇI/2TJ  =  508  MHz. 
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confines  the  wave  which  does 
creaslng  distance  from  the  63 
plays  a  comparison  of  the  wa^ 


ot  broaden  with  in- 
iter.  Figure  1  dis- 
amplitude  profiles 


across  Bq ,  in  the  absence  [Fig.l(a)]  and  in  the 
présence  [Fig.l(b)]  of  the  density  trough.  The 
perfectly  ducted  mode  is  established  at  z  >  25  cm, 
while  the  effect  of  radiation  broadenning  from  the 
exciter  antenna  cannot  be  neglected  for  z  5  15  cm. 

The  transverse  profiles  of  wave  amplitudes 
show  the  exponential  decay  outside  the  trough.  The 
transverse  decay  length  A  is  plotted  in  Flg.2,  as  a 
function  of  the  frequency  normalized  by  the  élec- 
tron cyclotron  frequency  fi.     The  solid  line  in 
Fig.2  indicates  the  theoretical  curve  obtained  in 
the  sharp  boundary  model?    The  expérimental  values 
of  A  become  minimum  around  the  critical  frequency 

The  wave  length  as  well  as  the  wave  amplitude 
is  modified  in  the  présence  of  the  density  trough. 
The  measured  dispersion  relations  of  the  ducted 
modes  well  agrée  with  the  theoretical  ones,  as 
shown  in  Fig.3. 
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Fig.2.     Expérimental  points  and  theoretical  line  i 
the  transverse  decay  length  A  as  a  function  of 
the  normalized  frequency  oo/Sl.     The  density  de- 
pression  rate  6  =  33  %,  and  2d  =  1.4  cm. 
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Fig.3.     Comparisoi   of  the  whistler  wave  dispersion 

relations  in  a  uniform  plasma  and  in  a  narrow 

density  trough.     Solid  line  and  closed  circles 

correspond  to  the  case  with  the  trough,  and  dash- 

ed  line  and  open  circles  indlcate  the  case  with- 

out  the  trough.     nj  =  6.9  x  lO' ^  cm"^  Q/l-n  =  508 

MHz,  ô  =  30  %,  and  2d  =  l.A  cm. 
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ECELERATION  OF  A  FAST  ION  IN  AN  ACCRETION  COLUMN 


J.G.  Kirk. 

Max-Planak-Institut  fur  Physik  und  Astrophysik, 

alculations  of  the  rate  of  energy  depos- 
tion  by  a  fast  ion  falling  through  the 
lasma  above  a  magnetised  neutron  star  are 
mportant  in  the  physics  of  X-ray  pulsars, 
ince  they  play  a  décisive  rôle  in  the 
uestion  of  the  formation  of  a  stand-off 
hock  front.  Treatments  of  spherically 
ymmetric  accretion   (Aime  and  Wilson,  1973) 
sed  the  formula  for  décélération  by  Cou- 
omb  collisions  in  the  absence  of  a  mag- 
etic  field.  This  approach  requires  modifi- 
cation when  a  magnetised  neutron  star  is 
onsidered.  Basko  and  Syunyaev   (1975)  and 
■avlov  and  Yakovlev   (1976)    calculated  the 
élevant  cross-sections,   and  estimated 
;hat  the  stopping  length  of  an  ion  is  in- 
:reased  by  an  order  of  magnitude  over  the 
:ero-field  case.   However,   this  conclusion 
lo'  longer  holds  when  the  collective  effects 
m  the  plasma  are  included.  The  most  import 
)f  thèse  is  the  scattering  of  the  test  ion 
)ff  the  ion-sound  waves.   That  such  a  scat- 
tering can  occur  is  seen  only  when  full 
îccount  is  taken  of  the  orbit  of  the  ion 
Ln  the  magnetic  field.  Even  a  modest  level 
Df  ion-sound  turbulence  suffices  to  deflect 
the  ion,  and  severely  reduce  the  stopping 
length.  Computer  calculations  of  the 
energy  and  momentum  déposition  rates  in- 
cl\iding  this  new  effect  are  in  progress, 
and  it  is  hoped  that  the  results  will  indi- 

cate  whether  or  not  a  non-radiative  shock 
can  occur. 


Fôhringer  Ring  6,  8  MUnchen  40,  FRG. 
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IhFLUENCE  OF  TOROIDAL  MAGNETIC  FIELD  ON  CONVECTION  IN  ROTATING  STAR 


V.M.  ^adez. 

Institute  of  I 


sios,  P.O.  Box  57,  Yu-llOOl 


We  présent  a  modified  linear  theory  of 
convection  in  a  dif ferentiallv  rotating 
magnetic  star  and  s orne ,  relatively  simple, 
analytical  expressions  regarding  the  cri- 
teria  for  the  instability  onset  were  deri- 
ved. 

The  problem  of  convection  in  terms  of 
standard  linear  theory  and  the  normal  mode 
analysis  was  widely  treated  under  varions 
approximations  and  restrictions  in  the  li- 
terature  so  far  /!/,  /3/. 

In  this  paper,   in  order  to  investiaate 
the  convective  instability  in  présence  of 
a  toroidal  magnetic  field  and  when  a  star 
dlfferentially  rotâtes-,  we  shall  apply  the 
perturbation  method  and  consider  onlv  tho- 
se  perturbations  which  are  of  the  form  of 
narrow  loops  /2/.  The  reason  why  such  per- 
turbations are  treated  is  the  fact  that 
they,  being  in  latéral  total  pressure  equi- 
librium,  become  unstable  most  easily. 

The  fluid,  we  shall  consider,   is  assu- 
med  completely  ionized,   ideally  electrical- 
ly  conductive,  inviscid  and  compressible. 
It  satisfies  the  perfect  gas  law,  its  tem- 
pérature field  is  left  unspecified  and  it 
is  a  subject  of  self-gravitational  atrac- 
tion.   In  addition,  the  fluid  is  permeated 
by  a  toroidal  magnetic  field        and  diffe- 
rentially  rotâtes  in  such  a  way  that  the 
resultina  tanqential  fluid  velocity  compo- 
nent        remains  constant  alnng  the  field 
line.  The  whole  svstem  is  therefore  axial- 
ly  symmetric  with  respect  to  the  axis  of 
rotation.  The  fluid  is  inltially  stationa- 
ry,  in  the  state  of  eauilibrium  described 
by: 


-  <^,^rc4oe  . 

r  -dt^     /-c      yhc  <2  <3 


(2) 


Hère  a  spherical  coordinate  System  is 
introduced  so  that  its  oriain  coincides 
with  the  center  of  the  star  while  the  po- 
lar axis  is  oriented  toward  a  pôle. 

Tn  further  analysis  we  shall  investiga- 
te  instability  characteristics  in  the  equa- 
torial  reqion  (,^='^/2)  only.  This  restric- 
tion, however,  does  not  exclude  any  of  the 
basic  physical  processes  involved  in  the 
instability. 

From  the  reason  of  symmetry  ail  the  ba- 
sic state  quanti ties  (-the  pressure  P^,  the 
fluid  density  §  the  température  T^,  the 
azimuthal  magnetic  field  intensity  and 
the  angular  speed  of  rotation  ^ )  have  to 
be  functions  only  of  the  coordinate  r  in 
the  région  near  the  eauator.  Consequently , 
the  eq.  (2)    is  identically  satisfied  there. 

To  investigate  the  behavior  of  the  fl- 
uid when  sliahtly  perturbed  adiabatically , 
we  start  from  standard  MHD  équations: 


rl^  _  SL  <j-^         Cc=  adiabatic  sound  speed) 

Ail  physical  quantities  entering  as 
the  unknowns  in  the  above  eauations,  have 
to  be  considered  as  a  sum  of  their  unper- 
turbed ,  basic  state,  values  and  a  small 
additional  value  due  to  perturbations. 
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Since  the  basic  state  is  stationary  and 
axially  syinmetric,  the  perturbed  aUantities 
can  be  expressed  locally  in  the  following 
f  orm: 

If  now  we  consider  only  those  perturba- 
tions which  are  geometrically  of  narrow 
scale  in  the  méridional  direction,   i.e.  if: 
>  .    -H.»       M  -BT.l     ^  (3) 

then  the  initial  set  of  MHD  eauations  re- 
duces to  the  following  system  of  lineariz- 
ed  algebraic  équations: 


Se 


where :  A=Alf en  speed ,    O  =  ^ " 

Finally,  the  dispersion  eauation  that 
follows  from  eqs.    (4)   -    (9)  is: 


where: 


Simple  analysis  of  eq.  (10)  shows  that 
the  condition 

û.2.>0  (11) 
can  be  taken  as  a  criterion  for  convective 
instability  when  a  toroidal  magnetlc  field 
is  présent  and  the  System  dif f&rential- 
ly  rotates.  Indeed,  when  B^,5L-*0  the  crite- 
rion (11)  reduces  to  the  known  condition 
for  convection  In  a  non  ma^nezited  and  non 
rotating  system. 

It  can  be  concluded  from  the  condition 
(11)   that  the  toroidal  magnetic  field  will 
tend  to  reduce  the  convection  provided  that 
the  uneauality 


(12) 


holds  locally.  For  example,  this  can  be 

achieved  in  outer  régions  of  the  stellar 

interior   (r>  2c^/g*)   if        increases  with 

r  or  if  it  decreases  with  r  but  slower  than 

Ç^r.   It  has  also  to  be  mentioned  that  the 

présence  of  magnetic  field  affects  the  sta- 

bility  of  the  system  by  promoting  other, 

purely  magnetic,  instabilities  which  will 

not  be  considered  in  this  work. 

As  to  the  influence  of  rotation,  we  see 

that  if  ^  SlV  >  o  the  convection  will  be  re- 
sr 

duced.  For  example,  a  rigid  body  rotation 
tedns  to  stabilize  the  convective  instabi- 
lity. 

/!/  "Problems  of  Stellar  Convection",  Proc. 
Nice,  1976,  Edited  by  E.A.Spiegel  and 
J.P.Zahn.  Springer-Verlag  Berlin. 

/2/  P.A.Gilman,  Ap.J.   162    (1019)  1970. 

/3/  C.H.Sung.Astron.Astroph.  £0    (393)  1977. 
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EXPERIMENTAL  DETERMINATION  OF  FeU  Gf- VALUES 


J.  Moity. 

Observatoire  de  Meudon,  Département  Etoiles  et 

Introduction 

Though  the  problem  of  the  solar  iron 
abundance  has  been  solved  owinq  to  relia- 
ble  measurements  of  Fel  gf-values,  it 
seems  that  the  situation  is  still  open  to 
improvements  with  basinq  abundance  studies 
on  the  ions  Fell  which  are  about  ten  times 
more  numerous  than  the  neutrals  in  the 
photosphère,  Unf or tuna tel  y ,  reliable  mea- 
surements of  Fell  gf-values  are  scarce 
(Ref./l/  to  /5/)  and  each  deals  with  a 
few  lines  so  that  comparisons  are  not  al- 
ways  possible.  The  only  comprehens i ve  ex- 
périmental work  is  that  of  WARNER  /6/  in 
which  the  results  have  been  shown  to  dé- 
pend with  the  upper  excitation  potential . 
Because  it  is  the  most  complète  set  of 
data,  thèse  are  still  commonly  used  and 
SMITH  /?/  has  proposed  a  correcti on-formu- 
la.  On  the  other  hand,  the  semi -empi r i cal 
calculations  of  KURUCZ  and  PEYTREMANN  /8/ 
must  be  used  with  carefulness  in  abundance 
studies.  The  work  we  présent  hereafter  was 
undertaken  with  a  view  to  a  future  extensi- 
ve, study  of  Fell  lines  and  to  tie  the  va- 
rious  data  above-menti onned  together  by 
one  accurate  experiment, 
Experiments  and  results 

The  Fell  lines  were  excited  in  a 
wal 1 -stabi 1 i zed  arc  operated  in  argon  with 
S%  hydrogen  for  the  diagnostic  purpose.  A 
continous  mixinq  of  Fe(CO)g  vapour  was  fed 
into  the  center  section  of  the  arc  by  bub- 
blinq  a  stream  of  pure  argon  through  the 
liquid  carbonyl  at  slow  rates  (50  or  100 
cm"^/mn).  The  Fell  spectrum  was  photogra- 
phed  end-on  with  a  3.40  m  Ebert-type  spec- 
trograph  and  the  ArI-4300  A  and  Hg  lines 
were  photoel ectrical ly  recorded.  The  low- 
current  carbon  arc  was  used  as  standard 
radi'ption.  The  physical  conditions  in  the 
Fell  émission  zone  have  been  varied  in  the 
ranges  [4-1.7]  xlO^^  e'/cm'^  measured  from 
the.       profile  and   [ll250  K  -  10150  k]  de- 
rived  from  LTE  équations,  ArI-4300  A  in- 
tensity  measurement  and  the  measured  élec- 
tron density. 


laxies,  92190  Meudon,  France. 

The  procédure  used  to  dérive  the  Fell 
relative  gf-values  is  classical  and  they 
have  been  put  on  an  absolute  scale  by 
using  some  Fel  lines  of  known  gf-values 
and  the  Saha  équation.  Our  results  are 
presented  in  the  final   table  and  compared 
with  the  other  works  (GiiP  refers  to  /2/, 
B.G.H.R.  /3/,  W.B.W.  /4/  and  K.P  /8/).  The  uncer- 
tainty  in  our  relative  gf-values  is  better 
than  25%  for  the  majority  of  lines  and  it 
may  reach  50%  for  the  faintest  lines.  We 
think  that  our  absolute  scale  is  reliable 
to  wi  thi  n  +  0 . 15  dex  . 
Discussion 

Our  values  generally  lie  slightly 
above  the  other  récent  measurements  but 
they  nearly  ail  agrée  to  within  the  mu- 
tual  uncertainty  ranges,  except  for  the 
lower  multiplets  of  &H.P  who ,  moreover, 
have  some  doubtful   results   (3285.42  and 
3247.17).  As  for  the  calculations  of  KJ? , 
their  scale  seems  to  vary  with  the  multi- 
plet (see  mult.  7,8)  but,  on  an  average, 
it  roughlylies  at  0.25  dex  below  ours. 
The  figures  hereafter  show  that  systema- 
tic  errors  still  remain  in  the  corrected 
WARNER  gf-values   :  one  with  the  upper  ex- 
citation potential  for  the  higher  multi- 
plets and  another  with  the  wavelength, 
below  3000  A,  which  is  here  reported  for 
the  first  time. 

As  soon  as  the  stability  of  the  iron 
concentration  in  the  arc  over  periods  of 
hours  will  be  achieved,  photoel ectrical 
measurements  will  be  extended  to  numerous 
other  Fell  lines. 
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Figures  :  plots  of  A  log(gf),  the  diffé- 
rence between  our  data  and  the  corrected 
Warner  gf-values  versus  upper  excitation 
potential  and  wavelength. 
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Tabl e  of  resul ts  : 

*  Data  of  Warner  /6/  corrected  according 
to  Smith  ni. 


loq{qf ) 

loq(qf)    :  other  exp. 

loq(gf) 

Huit. 

this 

WARNER 
(*) 

(1975) 

UV{1) 

HUBER 
(  1974  ) 

2599.39 

0.85 

0.71 

0.44 

2611.87 

0.41 

0.21 

0.06 

2617.62 

-0.25 

-0.29 

-1.21 

-0.48 

2620.41 

-1.80 

-2.31 
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2621.67 
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2628.29 
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-0.41 

1 oq (qf 

)l        loq(qf)  : 

other  exp. 

10q{qf) 

Mul  t. 

WARNER 
(«) 

K.P. 

(1) 

exp. 

G.  H.  P. 

(1969) 

(1975) 

3277 . 35 

-2.20 

-2.79 
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-3.37 
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2953.77 

-1.13 

-1.71 

-1.51 
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-1.40 
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-1.74 

2979.35 
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-2.24 
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-1 .69 
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-1.62 

-1.73 

3166.67 

-2.91 

-2.83 

-2.95 

3170.34 

-2.42 

-2.49 

-2.54 

(7) 

3196.07 

-1.53 

-1.72 

-1.79 

-2.23 

3183.11 

-1.89 

-2.39 

-2.59 

3185.31 

-2.70 

-2.72 

-3.30 

3163.09 

-2.73 

-2.70 

-3.22 

(8) 

2984.83 

-0.06 

-0.70 

-0.60 

2965 . 04 

-1.11 

-1.57 

-1.47 

2964.63 

-1.34 

-1.79 

-1.73 

3002 .65 

-0.57 

-1.09 

-1.03 

2985 . 54 

-0.60 

-1.03 

RODER 

BOHR 

W  B  W 

(37) 

(1962) 

(  19  70') 

(1971) 

-2  29 

-2.10 

-2.44 

-2.27 

-2.48 

-2  .  50 

4555.89 

-2.35 

-2.  19 

-2.50 

-2.51 

4515.34 

-2.44 

-2.43 

-2.63 

-2.35 

-2.63 

-2.66 

4491.40 

-2.60 

-2.82 

-2  .89 

4520 . 22 

-2.32 

-2.64 

-2.76 

-2.43 

-2.58 

-3.09 

(38) 

4583.83 

-  1 .80 

-1.82 

-1  .98 

-1.85 

-1.96 

-1.92 

4549.47 

-2.01 

-1  .89 

-2.07 

4522.63 

-2.30 

-2.08 

-2.12 

-2.23 

-2.22 

4508.28 

-2.27 

-2.34 

-2.45 

-2.29 

-2.49 

-2.41 

(81) 

G. H. P. 

{  1969) 

3259.05 

-0.69 

-0.79 

-0.40 

-0.94 

3258.77 

-0.89 

-0.98 

-0.54 

-1.05 

3247  .  17 

-0.91 

-0.69 

-0.60 

-1.13 

3237.81 

-1.17 

-1.38 

-0.80 

-1.42 

3237 .40 

-1 .  79 

(82) 

3177.53 

-0.62 

-0.34 

-0.88 

3135.36 

-0.92 

-0.61 

-1.09 

3114.29 

-1.32 

-0.88 

-1.41 

3144 .75 

-1.47 

-1  .00 

-1.58 

3116.59 

-1.31 

-0.82 

-1.45 

3133.05 

-1.78 

-1.26 

-1.74 

3114.68 

-1.69 

-1  .  18 

-1  .73 
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PROPAGATION  OF  CONDENSATION  IN  CORONAL  PLASMA 

S.  Poberaj. 

University  of  Ljubljana,  Faaulty  for  Eleatriaal  Engineering  and  J.  Stefan  Institute,  Ljubl.jana, 


the  width  of  the  zone  in  which  tho  cool- 
ing  of  the  plasma  is  taking  place.  A  z  is 
approximately  the  distance  on  which  the 
température  drops  from  T-^^  to  Tp  where  T-^ 
is  the  température  of  the  hot  plasma  and 
Tp  is  the  température  in  the  condensati- 
on. The  time  "c: -g  in  which  the  température 
drops  from  T-,   to  Tp  is  approximately  equ- 
al  to  the  energy  relaxation  tirne  for  the 
électrons  flowing  al ong  the  magnetic  field 
into  the  condensation  from  the  hot  région. 
Similarly  as  in  the  problme  of  an  inflain- 
raabl e  1 iquid  we  get 


"     The  appearance  of  the  luminous  mattor 
in  the  solar  corona  is  in  many  cases  due 
to  the  condensation  of  the  coronal  plas- 
ma. This  relatively  cool  and  dense  matter 
appears  as  prominences  inside  a  vory  hot 
and  rarified  plasma.  We  consider  here  the 
apparent  motion  of  the  condensations 
along  the  magnetic  field. 

Let  us  suppose  that  the  température 
drops  in  some  région  of  a  hot  plasma  in 
the  magnetic  field.  For  the  condensation 
process  the  numher  of  thn  recombi nations 
highly  increased  and  go  does  the  energy 
radiated  into  surrounding  space.   The  tem- 
pérature may  drop  from  about  10^  K  to 
2  .   lO'^  K  or  less.  Since  the  plasma  is  in 
the  magnetic  fiold  the  heat  flow  across 
the  magnetic  field  is  strongly  reduced, 
because  X.^.  /  x,^^4!.l ,  where    -x-a  and  are 
thermal   conductivities  in  the  dir^ections 
perpendicul ar  and  parallel   to  the  magne- 
tic field.   If  the  inward  energy  flow  is 
low  enough  the  cool  région  wil 1  spread 
along  the  magnetic  field  into  the  hot  one. 
This  problem  we  treat  similarly  as  it  is 
treated  the  problem  of  the  propagation  of 
flame  above  an  inflaminable  liquid  in  a 


where  y^^^'  is  the  température  conductivi 
ty  of  the  électrons  along  the  magnetic 
field 

by  the  rel ation 
k'^T 


he  thermal  conductivity  is  givcn 
(2) 


is  the  electricai  conductivity  T'a-t'a 
lel   to  the  field.   rreating  the  electrori 


an  idéal  one  we  get 


(?) 


canal 


(1) 


In  this  case  the  hot  région  mo- 


ver;  into  the  cold  one. 

We  assume  that  the  magnetic  field  is 
oriented  along  the  z  axis.   Let       z  be 


Taking  for  the  G"»'  the  expression 
we  get 
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5  m 


(5) 


Références  : 


where  tg  the  mean  collision  time  for 
the  électrons.  From  the  Eqs.  (l)  and  (3) 
we  get  for  the  apparent  velocity  of  the 
propagation  of  a  condensation  along  the 
nagnetic  field 


(2kT  .Zjt>TnZ^) 


1/2 


Let  us  use  this  équation  to  calculate  the 
velocity  in  a  prominence  in  the  solar 
corona.  For  T    we  take  a  typical  value 

=  2  .   10*^  K.   The  energy  relaxation  ti- 
me  Tj,  is  much  longer  than  the  mean  ce  : - 
^i;.iiDn  time  "C^.  We  can  take  for  the  hy- 
drogen  plasma    '^q/'^^,  1°"^- 
get  v^  =  45  km/s.  Velocities  of  similar 
magnitude  have  really  been  raeasui-ed^ 

If  V     =  0  it  does  not  mean  that  the  mat- 
a 

ter  is  floving  along  the  field  lines.  This 
is  the  velocity  of  the  région  of  the  en- 
hanced  radiation.   In  majority  of  the  mo- 
ving  prominences  the  matter  really  moves 
along  the  magnetic  field. 
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AT  THE  PRESENCE  OF  MAGNETIC  BREMSSTRAI-I-UNG 


J.G.  Lominadze,  G.Z.  Machabeli  and  A.B.  Mikhailovsky. 

Abastumani  Astrophysioal  Observatory,  Aaademy  of  Sciences  GSSR,  Tbilisi,  U.S. S. P., 
I.V.  Kurahatov  Institute  of  Atomic  Energy,  Moscow,  U.S.S.R. 


Recently  a  significant  attention  is 
payed  to  instabilities  and  non-linear  phe- 
nomena,  connected  with  them.  In  adopted 
models  they  may  take  place  in  pulsar  mag- 
netospheres.  Such  plasma  spécifie  fea- 
tures  are  determined  by  its  ultrarelati- 
vity  and  very  strong  magnetic  field 
(  B  -vlO-^^gauss). 

An  ultrarelativistic  particle  in  a 
strong  magnetic  field  loses  its  trans- 
verse momentum  due  to  magnetic  bremsstra- 
hlung  and  as  a  resuit  particle  distribu- 
tion relaxes  to  a  one-dimensional.  By  the 
existing  notion,  pulsar  magnetosphere  is 
filled  up  with  électron-positron  plasma, 
moving  along  magnetic  field  force  line 
with  a  typical  Lorentz-f actor        10  -10^ 
and  with  électron-positron  beam  with  Lo- 
rentz-f actor        10^-10*^.  A  beam  instabi- 
lity  /!/  excitated  at  the  Cherenkov  réso- 
nance of  beam  particles  with  Langmuire 
oscillation  is  generated  in  such  plasma. 
Particle  distribution  due  to  quasi-linear 
particle  interaction  with  the  excitations, 
relaxes  to  a  one-dimensional  with  an  elon- 
gated  tail.  In  analogy  with  nonrelativis- 
tic  case  /2/  one  may  expect  that  such  dis- 
tribution must  be  unstable  with  respect 
to  perturbations  excited  at  the  cyclot- 
rone  résonance  (  u>-y^i^j-^U)ç>,î^o  '^(>>~"^^(,^ 


with  beam  particles, and  for  the  real  and 
imaginary  parts  of  frequency 


(1) 


if\^  -  density  of 


Here    COp  - 
beam. 

Perturbations,  characterized  by  fre- 
quency and  growth  rate  (  1  )  at  the  qua- 
si-linear diffusion  of  particles >lead  to 
a  transverse  momentum  rise.  Such  relaxa- 
tion must  complète  with  a  magnetic  brems- 
strahlung,  leading  to  a  trans verse  momen- 
tum decrease.  A  compétition  of  thèse  two 
processes  will  détermine  a  final  form  of 
distribution  function. 

The  initial  kinetic  équation  has 
a  form 

Here  F„,  F,  -  are  transverse  and  longi- 
z  '  1 

tudinal  components  of  bremsstrahlung 
force,  q 

^Gl  -  is  operator  of  quasilinear  dif- 


Considering  derivatives 


to  be  grea- 


ter  in  comparison  with         ,  ^    ,  we 
find  out  from  (2)  in  a  first  approxima- 
tion by  a  small  parameter. 
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And  for  f^,i^^_,t)in  next  approximation  by 
a  small  parameter  we  have  équation 


(4) 


We  suppose ,  that  bef ore  the  cyclotron 
instability  outset,  when  noises  have  been 
thermal,  the  function  |^^(      ^  t;      )  have 
had  platou  form.  If  we  suppose,  that  qua- 
silinear  relaxation  lapse  (  ^  -»  a>o  )  the 
beam  décélérâtes  completely      (      (^^  o«î>)'î:0^ 


(5) 


Using  this  parameter  as  a  characteristic 
of  noises  level  at  relaxation  stage  (for 
finite    t   )  we  shall  get  an  estimation 
for  beam  décélération  time   T  =  --'t 

It  is  possible  to  estimate  the  total 
wave  energy  as 


the  rest  part  of  beam  energy  is  irradia- 
ted,  so  that 


(7) 


It's  easy  to  obtain  from  (5)  an' effective 
transverse  momentum  of  beam  particles 


(8) 

We  have  considered  cyclotron  insta- 
bility and  connected  with  it  quasilinear 
relaxation  of  ultrarelativistic  partiels 
beam  in  relativistic  plasma  in  a  strong 
magne tic  field,  taking  into  account  mag- 
netic  bremsstrahlung.  Supposing  that  such 
radiation  is  a  strong  one,  we  have  got  a 
System  of  one-dimensional  quasilinear 
équations  and  hsv<^  found  an  asymptotic 
solution  of  the  System  for  l«rge  time.  It 
has  been  shown,  that  as  a  conséquence  of 
a  quasilinear  relaxation  in  a  condition 
of  strong  magnetic  bremsstrahlung  a  beam 
décélération  appears  and  beam  energy  tran- 
sféras into  the  energy  of  radiation. 

The  process  considered  in  this  paper 
is  important  for  pulsar  magnetosphere  phy- 
sics. 
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Lately,  a  significant  progress  in  the 
study  of  processes,  taking  place  in  pul- 
sar  magnetospheres  has  been  achievedj  It 
allows  to  develope  consistent  pulsar  ra- 
diation models.  Namely,  it  was  shown  that 
near  the  pulsar  surface  a  rapid  birth  of 
électron-positron  p«irs  must  take  place. 

As  a  resuit,  two-component  électron- 
positron  plasma,  moving  from  a  neutron 
star  along  magnetic  force  lines  with  velo- 
cities  corresponding  to  Lorentz-f actors 
10^-10^  and  lO^-lo'''  is  generated  in  pul- 
sar magnetosphere . 

In  Rp0532  case  the  électron-positron 
plasma  concentration  near  pulsar  surface 
attains    10^^ cm""-^.  Plasma  particles  in  a 
strong  magnetic  field  ^ -s.  lO^*-^  quickly 
lose  transverse  momentum  and  the  momentum 
distribution  of  particles  relaxes  to  a 
one-dimensional.  This  one-dimensional  dis- 
tribution appears  to  be  unstable  with  res- 
pect to  oscillations,  excited  in  électron- 
positron  relativistic  plasma.  Among  them 
the  longitudinal  Langmuire  oscillations 
are  characterized  by  the  largest  growth 
rate.  Their  rapid  évolution  leads  to  a 
platou  formation  on  the  distribution  func- 
tion  due  to  quasi-linear  interaction  of 
résonance  particles  with  Langmuire  oscil- 
lations, As  a  resuit,  particle  distribu- 
tion relaxes  to  a  one-dimensional  one  with 


elongated  tail  without  humps  /l/.  Such  an 
asyrametric  one-dimensional  distribution 
appears  to  be  unstable  with  respect  to 
perturbations,  excited  at  the  cyclotron 
résonance  with  beam  particles. 

The  instability  évolution  requires 
a  number  of  restrictions.  In  particular, 
the  condition  of  the  lack  of  hose  insta- 
bility, smalness  of  damping  on  plasma  par- 
ticles and  résonance  conditionlj^-t^iilj'^^'^^.û) 

Considering  also 'fe^'^X'^T .  Ï^^VlclVf 
(  Vbc  ; \U>    -  magnetic  field  strength  and 
plasma  density  near  a  neutron  star  sur- 
face,   Xo  s'tar  radius).  In  an  observer 's 
System  we  shall  get  inequility 

Magnetic  field  is  slightly  inhomoge- 
neous  and  in  the  présence  of  velocity 
transverse  components  it  can  signif icantly 
influence  the  particle  distribution  charac- 
ter.  In  the  weakly  Inhomogeneous  field  a 
force,  directed  transverse  the  magnetic 
field  would  affect  a  particle.  This  force 
at  the  relativistic  character  of  the  mo- 
tion should  have  a  form   Gr^^  - 

Pitch-angles  appearance,  on  account 
of  owing  quasi-linear  diffusion  fesults  in 
magnetic  bremsstrahlung  and  braking-byra- 
diation  force  origin.  This  latter  one  has 
both  transverse  and  longitudinal  compo  - 


Then  from  kinetic  équation  we  obtain 


H  -  a  certain  finite  number.  dcv. 

During  the  cyclotron  waves  relaxa- 
tion time  X     •  The  beam  is  taken  out 
from  the  région  of  interaction  with  spect- 
rum  depending  only  on  cyclotron  noises  set- 
tled. 


(3) 


From  the  energy  balance  équation  at  the 
proper  boundary  conditions  we  shall  get 


Y  -  is  beam  Lorentz-f actor  before  the 
Ho 

beginning  of  cyclotron  instability  évolu- 
tion. 

Using  (2")  and  (5)  and  expressions 
for  effective  pitch-angle  we  obtain 


Using  (5)  we  shall  find  synchrotron  ir- 
radiation spectrum,  which  falls  in  roent- 
gen and    ^-ranges  région   T^~  V~''^ 
where     oi     -  spectrum  index  appears  to 
be  ,  that  is  in  a  good  accordance 

with  observed  curves.  The  greater  part 
of  beam  energy,  due  to  adiabatic  inva- 
riant existance,  is  carried  out  beyond 
the  light  cylinder  into  Crab  nebula  and 
is  irradiated  there.  Only  a  small  part 
of  the  energy  (about  1%)  is  irradiated 
directly  from  the  pulsar  with  a  close 
spectrum  indice. 
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ANALYSIS  OF  THE  HJF.  DRIFT  INSTABILITY  ONBOARD  "METEOR"  SATELLITE 


V.P.  Khodnenko,  G.G.  Shishkin  and  Ju.  V.  Trifonov. 

Mosaow,  U.S.S.R. 

1.  Introduction.    Hall  plasma  acceleratois 

onboard  the  satellites 
/I/  can  generate  various  types  of  electro- 
magnetic  noises  over  a  wido  frequency 
range.  As  evidenced  by  the  previous  theo- 
retical  and  laboratory  investigations  /2/, 
/3/,  A/,  noise  génération  in  an  accélé- 
rât or  with  radial  magnetic  and  axial  elec- 
tric  fields  resxilts  from  various  plasma 
instabilities.  The  paper  présents  the  re- 
sults  of  the  "Meteor"  satellite  onboard 
measurements  of  HF  electromagnetic  fields 
generated  by  the  accelerator  plasma  as 
well  as  comparison  of  the  obtained  data 
with  expérimental  results.  Onboard  measu- 
rements make  it  possible  to  estimate  la- 
boratory conditions  influence  on  develop- 
ment  of  wave  processes  in  plasma. 

2.  Expérimental  Conditions.  A  Hall  plasma 

accelerator 
of  ring  geometry  with  ceramic  walls  of  the 
discharge  channel  /0D=7O  mm/  was  instal- 
led  onboard  the  Meteor  satellite.  A  de- 
tailed  description  of  the  satellite  and 
accelerator  charactristics  is  presented 
in  the  earlier  paper  /I/,  only  basic  data 
being  suggested  here.  The  Meteor  satel- 
lite is  a  3m  hight  cylindrical  body  of 
about  1  m  in  diameter.  The  satellite  is 
provided  with  two  solar  panels,  more  than 
3  m  long  each,  rotating  along  tne  azimu- 
thal  direction.  The  satellite  has  been 
put  into  the  near-circular  orbit  of  ~ 

1000  km  altitude.  The  accelerato3>-eoec- 
ted  150+200  eV  xenon-plasma  ;jet  had  maxi- 
mum particle  concentration  /n^^.p^   10^ '''m  ^/ 
at  the  discharge  channel  section.  In- 
flight  measured  the  plasma  jet  divergence 
angle  proved  to  be  about  45°.  To  attain  a 
discharge  initiation  in  the  accelerator, 
the  plasma  cathode  was  switched-on  first. 
The  receivers  were  connected  to  probes 


mounted  on  the  solar  panels  at  about  3  m 
distance  from  the  accelerator.  A  possibi- 
lity  was  provided  for  the  solar  panels  to 
move  along  the  azimuth  within  angles 
y=  -10°  +  +40°  /Fig.l/.  The  measurement 
data  were  telemetered  from  the  satellite 
to  the  ground  receiving  posts. 

3.  Expérimental  Results.  Accelerator 

switching  on  is 
followed  by  an  appréciable  sgnal-level 
rise  displayed  on  the  sélective  micro- 
voltmeters.  It  is  worth  mentioning  that 
a  slight  signal  rise  occurs  when  only  a 
plasma  cathode  is  operative  /Fig,2/.  In- 
tensity  of  a  signal  increases  as  the 
probe  is  approaching  the  jet  boundary 

though  just  on  the  plasma  jet  axis  the 
electromagnetic  field  is  weaker  than  that 
at  the  jet  boundary.  Under  solar  panels 
reversai,  spatial  variation  in  the  field 
intensity  somewhat  differs  from  that  un- 
der direct  motion  /Fig.2/.  Electromagnetic 
field  intensity  as  a  function  of  time  is 
plotted  in  Fig.3.  For  the  sake  of  compa- 
rison identical  measurements  have  been 
taken  under  laboratory  conditions.  Inten- 
sity of  fields,  generated  by  an  accelera- 
tor of  the  same  type  in  the  laboratory, 
proved  to  be  considerably  lower  than  that 
of  satellite-derived  fields.  Laboratory- 
derived  time  dependence  of  the  oscillatian 

intensity  is  presented  in  Fig.  3. 

4.  Discussion  of  Results.  Comparison  of 

the  laboratory 
results  with  the  satellite-derived  data 
enables  one  to  conclude  that  electromag- 
netic fields  génération  in  the  vicinity 
of  a  satellite  in  the  range  of  ^  30  MHz 
is  likely  to  occur  due  to  HF  drift-ins- 
tability  analysed  in  papers  /2/,  /3/, 
/4/.  This  instability  stems  from  a  non- 
tmiform  distribution  of  électrons  azimu- 
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thaï  drift  velocity  along  the  channel 
axis.  Non-uniform  density  plasma,  rota- 
ting  in  the  azimuthal  direction,  générâ- 
tes closed  HP  currents  causing  electromag- 
netic  fields  in  space  /3/. 
Time  dependence  of  radiation  intensity 
/V,  as  evidenced  by  the  related  laborato- 
ry  expérimenta,  is  associât ed,  in  gênerai 
with  the  entire  accélérât or,  especially 
its  dielectric  discharge  channel,  warm-up. 
Ceramics-temperature  variation,  effecting 
its  conductivity,  brings  about  a  change 
in  plasma  potentials  distribution  which, 
in  tum,  effects  the  local  ion  flow  to  the 
walls,  thereby  causing  a  chnge  in  the  lo- 
cal température.  Variations  in  potentials 
distribution  lead  to  a  distortion  of  the 
associated  drift- velocity  distribution 
along  the  channel  accompanied  by  varia- 
tions in  properties  of  the  instability 
under  considération. 
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The  rôle  of  plasma  effects  in  the  émis- 
sion of  atomic  Systems  was  dealt  with  in 
a  number  of  papers  /I  -  6/.  Part  of  this 
work  was  devoted  to  the  investigation  of 
spectral  line  broadening  during  collisions 
of  an  atom  with  charged  particles  /I  -2/, 
other  authors  considered  the  effect  of 
plasma  turbulence  on  the  processes  of  émi- 
ssion (absorption)  of  quanta  by  atoms. 
And  both  the  effects  of  spectral  line  bro- 
adening by  plasma  tiirbulence  /3  -  4/  and 
the  induced  processes  of  émission  of  plas- 
mons  by  atoms  were  studied  /5  -  6/. 

As  is  vieil  known  /?/,  such  a  state  is 
possible  in  the  interstellax  médium  when 
the  hydrogen  atoms  are  almost  not  ionized, 
and  the  électron  density  is  enough  to  give 
an  intense  plasma  tiorbulence. 

In  /8/,  it  was  shown  that  if  the  hydro- 
gen atoms  are  in  a  field  of  intense  ultra- 
o 

violet  émission  jl -^121 6  -j-  912  A  then  inter- 
action of  their  spins  with  light  quanta 
can  produce  in  such  a  médium  an  inverted 
population  with  respect  to  the  Jl  =21  cm  li- 
ne émission. 

Unf ortunately,  the  criteria  for  the  ap- 
pearance  of  the  inverted  population  turned 
out  to  be  very  strict  to  apply  to  real  con- 
ditions of  the  interstellar  médium. 

In  this  paper  it  is  shown  that  the  pos- 
sibility  of  producing  inverted  population 


coiild  be  signifiantly  improved  if  the  hy- 
drogen atoms  are  assvimed  to  be  in  a  plas- 
ma with  the  gyrofrequency  type  of  wave 
turbulence  (whistlers).  As  a  rule,  the 
whistler  turbulence  is  anisotropic  -  let 
ÇL  be  the  solid  angle  in  which  the  whis- 
tler wave  vectors  are  involved.  The  level 
of  whistler  turbulence  can  be  determined 
using  the  effective  température  T^^^  which 
can  exceed  by  orders  of  magnitude  the  ki- 
netic  température  of  gas  or  the  électron 
température. 

The  interaction  of  spins  of  atoms,  Ly- 
man  quanta  and  whistlers  also  leads  up  to 
inverted  population.  The  considération  of 
this  problem  was  performed  by  the  same  me- 
thod  as  in  /8/,  but  terms  describing  the 
interaction  of  atoms  with  plasma  waves  we- 
re added  into  the  équations  of  balance. 
In  /9/,  it  was  shown  that  transitions  in 
atoms  with  participation  of  electromagne- 
tic  waves  with  A  =21  cm  prove  to  be  less 
effective  than  transitions  with  whistlers 
if  the  condition:  ^  ^ 

TeS5./TR    »4î5^^B^o  /5P.B^p  (1) 
is  valid,  where  T    is  the  radiant  tempera- 
3  f—  -i 

ture  in  thejl=21  cm  line,)>p  =  ^-f 0  V/a^  cm 
is  Langmuir  frequency,  and      =1420.4  MHz 
is  the  frequency  of  the  ^=2^  cm  line. 
Plasma  transitions  here  interconnect  Zee- 
man  sublevels  of  the  upper  level  of  super- 
thin  structure  of  the  main  atom' s  state  HI. 
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When  hydrogen  atoms  are  excited  by  iso- 
tropic  nonpolarized  Lyman  émission,  from 
analysis  of  the  equationa  of  balance  we 
have  the  following  relation  for  spin  tem- 
pératures Tpjj  of  ail  subie vels 
-r   _T  _T-T  i^^^^)*n^')z) 

where  \  =  Uo/k'0,06Si\ ^  n{^)=^%/zhc 
is  the  phase  émission  density  of  Lyman 
quanta.  The  denotations  )>4,  V;2  ,  and  )4 

are  taJcen  from  /8/;  in  the  denominatoer  of 
(2),  small  positive^erm8'*'1(>'Vig\Nere  omit- 
ted,  wlierej'g='(2iag;^  (-^)  (here  M^is  the 
whietler  phase  density). 

Prom  (2)  it  follows  that  with  declining 
spectrum  (        ^^"^  <  O  )»  tlie  spin  températu- 
res are  positive,  but  already  at  any  slow- 
ly  xncreasmg  spectr\im  C  ~j- —  ^  — —  j 
the  spin  temperatiires  become  négative: 

Thus,  excitation  of  circularly  and  line- 
arly  polarized  radio  émission  at  a.  =21  cm 
occurs  in  this  case.  In  calculations  we 
disregarded  collisional  transitions  sinee 
in  turbulent  plasma,  transitions  with  par- 
ticipation of  whistlers  are  more  effective. 
Obviously,  for  a  detailed  analysis  of  obser- 
vational  data,  a  more  complète  calcxxlation 
is  needed  with  account  of  ail  possible 
tramsitions  in  équations  of  balance.  In 
this  paper,  such  a  problem  was  not  posed. 
We  wiehed  to  indicate  a  principal  possibi- 
lity  of  producing  inverted  population  in 
the  A =21  cm  line  under  real  space  condi- 
tions. 

The  interprétation  of  the  available  ob- 
servations of  21  cm  line  in  intersetellar 
space  in  terms  of  our  xonderstanding  of  nor- 


mal (not  inverted)  population  has  encoun- 
tered  no  spécial  difficulties  so  far,  and 
this  allows  the  question  to  be  posed  of  p 
the  reality  of  the  existence  of  maser  en- 
hancement  in  the  =21  cm  line.  In  thie 
connection,  we  would  like  to  make  anothei 
remark. 

The  détermination  of  magnetic  fields 
in  dense  clouds  of  interstellar  gas  usinf 
the  observed  circular  polarization  in  th< 
wings  of  the  Jl  =21  cm  absorption  line 
gave  values  of  magnetic  field  strengths 
one  or  even  two  orders  larger  than  the 
values  of  field  strengths  determined  by 
other  methods  for  average  conditions  in 
interstellar  space.  A  conventional  expli- 
cation is  that  in  dense  clouds,  gas  com- 
pression is  followed  by  a  respective  inc- 
rease  in  magnetic  field.  However,  it  is 
not  excluded  that  maser  enhancement  of  e- 
mission  due  to  whistler  turbulence  is  he:! 
the  case,  then  the  magnetic  field  strengiB 
thus  found  are  overestimated. 
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When  atudying  phenomena  with  a  burst 
nature  occiirring  in  the  solar  and  near- 
terrestrial  magnetospheric  plasma,  of  in- 
terest  are  experiments  simulating  indivi- 
dual  fragments  and  processes  accompanying 
such  phenomena.  In  particular,  of  crucial 
importance  are  the  characteristics  of  cur- 
rent  sheets  arising  when  plasma  is  affec- 
ted  by  rapidly  increasing  magnetic  fields, 
A  large  number  of  experiments  on  transver- 
sal shock  waves  propagating  in  a  rarefied 
plasma  with  a  frozen-in  magnetic  field 
have  shown  that  both  structure  and  proper- 
ties  of  such  perturbations  are  determined 
largely  by  dissipative  processes  occurring 
as  a  resuit  of  development  on  the  front  of 
small-scale  instabilities  (Buneman,  ion- 
acoustic,  etc.).  Transversal  shock  waves 
&X  t^,  =  M-  ^Mci^à     (U-shock  wave  velocity, 
u  A 

\f  -Alfven  velocity  in  the  unper- 

turbed  plasma)  have  a  width  of  ù.'^iO^^^ 
(    oLg  =  \/4EÛî^      -Langmuir  frequency)  and 
heat  predominantly  the  plasma  électron 
component  * 

If  the  action  time  of  current  on  plasma 

is  less  than  the  time  necessary  for  the 

development  of  small-scale  instabilities, 
C 

laminar  structures  (-^^         )  obeerved. 

V/ith  an  increase  of  the  initial  field 
(H^^  0,/?^~  1o''-^cm~-^)  in  the  current  sheet 
turbulent  processes  develop  which  lead  to 


électron  component  heating  and  are  charac- 
terized  by  properties  similar  to  those 
found  in  theory  and  experiments  for  shock 
waves  with  M<  M^^  .  V/ith  a  decrease  in  ini- 
tial density  (at  a  fixed  amplitude  of  the 
piston  (¥=^13000)  and  a  velocity  of  field 
increase  on  the  plasma  boundary  (4.3*10^ 
G/sec),  due  to  an  increase  in  current  she- 
et velocity  U,  the  time  of  plasma  being 
in  the  transition  région  t^  falls  and 
when  it  becomes  less  than  the  time  nece- 
ssary for  instability  excitation  a  quasi- 
stationary  current  sheet  with  a  width  of 
^M^^-^  cûpç    with  parametersj^=-^^^j2--'^.^/ 
^  =  ^^^%\     o^f  indicating  a  full 

reflection  of  the  particle  flux.  Before 
the  magnetic  piston,  there  is  a  sharp 
jiunp  of  the  potential  with  a  spatial  width 
ol  à^^S^OiiOOr^«AM     which  can  be  linked 
with  the  formation  under  conditions  of 
anomalous  ion  viscosity  of  a  front  of  the 
turbulent  electrostatic  shock  wave.  A  de- 
tailed  study  of  processes  in  the  reflec- 
ting  current  sheet  is  difficult  because 
of  small  typical  size  (4Y,~10~^cm)  howe- 
ver  analysis  of  energy  spectra  of  ions 
moving  at  various  angles  to  front  plane 
permits  qualitative  assumptions  about  the 
character  of  processes  and  comparison 
with  other  résulta. 
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Dissipative  processes  in  neutral  current 
Bheets  may  play  an  essentiel  rôle  in  plas- 
ma heating  and  confinement  in  laboratory 
devices  of  the  theta-pinch  type.  In  addi- 
tion, annihilation  of  the  magnetic  fields 
in  the  current  sheet  is  now  considered  as 
one  of  the  most  real  mechanisms  of  energy 
release  in  solar  flares, 

The  experiment  was  performed  on  the  "UN- 
Penix"  device  .The  initial  plasma  (hy- 

drogen,  argou,  n^=1  o'' ^rl  0^ ^^^^-3 ^^=1 -5  eV) 
was  frozen  in  a  quasistgtionary  magnetic 
field  H^=1 00-600  Oe  ,  directed  along  the 
working  volume  axis  (  ^  =16  cm,  1=1.5  m). 
The  cylindrical  neutral  sheet  with  a  thi- 
ckness  of  about  10%)^^,  converging  to  the 
volume  aiis  is  formed  at  a  rapid  compres- 
sion of  plasma  by  the  magnetic  piston 
(H~  =1300  0^,^7=1.5  sec),  whose  magnetic 
field  was  antiparallel  to  H^.  The  forma- 
tion process  and  magnetic  structure  both 
are  described  in  /l/. 

In  this  paper,  experimentally  is  inves- 
tigated  the  dependence  of  the  électron 
energy  distribution  on  the  plasma  conduc- 
tivity  value  in  the  sheet  and  the  proper- 
ties  of  its  évolution  in  time  and  space. 

The  électron  energy  spectrum  was  measu- 
red  by  analysis  of  the  X-ray  radiation  ari 
sing  on  the  target  placed  into  plasma  /2/. 
Plasma  conductivity  and  the  électron  tem- 


pérature in  the  sheet  were  measured  by  prob'e 
methods.  In  a  first  séries  of  experiments, 
we  measured  the  dependence  of  plasma  con- 
ductivity on  the  azimuthal  ( current-alig- 
ned)  electric  field  strength  in  the  sheet. 
This  dependence  <r  (       )  is  given  in  Pig. 
la.  The  measurements  were  for  the  whole 
range  of  the  initial  plasma  parameters  and 
showed  that  the  conductivity  values  are 
several  orders  less  than  the  Coulomb  ones 
and  are  inversely  proportional  to  the  va- 
lue E  V •  Such  a  dependence  indicates  the 
realization  in  the  sheet  of  the  quasiline- 
ar  stage  of  ion-acoustic  instability. 


Pig.  1 


Measurements  of  the  low-energetic  por- 
tion of  the  électron  energy  spectrum  ag- 
rée with  this  inference.  In  Pig. 2a,  a  so- 
lid  line  indicates  the  électron  spectrum 
provided  nQ=1  o"" ^cm~^,H^=230  Oe  within  the 
energy  range  0.5-12  keV.  It  is  seen  that 
the  thermal  part  of  the  spectrum  différa 
from  the  maxwellian  one  (dash-dot  line) 
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and  is  close  to  the  distribution  ~exp 
i-cLt^^^)  (dash  line)  which  must  be  reali- 
zed  at  the  quasilinear  stage  of  ion-acou- 
stic  instability  /3/. 

At  the  same  time,  one  observes  the  pre- 
jQij_    S;  "'"''  sence  of  accele- 

rated  électrons 
(    e  keV  ) 

whoee  number  ex- 
ceeds  the  ther- 
mal level,  Iso- 
lated  directions 
of  motion  of  hi- 
gh-energetic  él- 
ectrons are  lac- 
king,  i.e.  the 

î-ig.  2 

spectrum  may  be  considered  as  isotropic. 
The  mea sûrement  resuit s  of  energy  spectra 
J^(^)  of  électrons  in  the  current  sheet 
are  given  in  Pig.3  (a  -  n^=6' 1  o"" ^cm~^ , 
b  -  n^=10''^cm~^,  c  -  nQ=4'1o''^cm~^,  d  = 


Fig.  3 


It  is  évident  that  with  increasing  plasma 
density,  the  accélération  efficiency  drops. 

If  the  high-energetic  part  of  the  spect- 
rum is  approximated  by  a  power  function 
within  energy  range  4-12  keV,  one  may  ob- 


tain  the  dependence  of  the  efficience  ofi 
the  accélération  mechanism  determined  by 
the  value  ^  on  the  azimuthal  electric 
field  strength  E  ,^  which  is  shown  in  Pig, 
1b. 

High-energetic  électrons  are  located  ii 
the  vicinity  of  the  neutral  sheet.  When  . 
moving  away  from  the  zéro  line,  the  inde: 

^  grows  which  indicates  a  spécial  rôle 
of  the  neutral  line  in  électron  accéléra- 
tion. With  parallel  orientation  of  magne- 
tic  fields  of  piston  and  initial  field, 
the  signal  from  Z-ray  detectors  is  abseni. 
One  may  suggest  the  stochastic  accéléra- 
tion by  Langmuir  pulsations  /4/  as  an  aco 
leration  mechanism.  j 
It  is  of  interest  to  study  plasma  hea- j 
ting  dynamics  in  the  neutral  sheet.  Plas- 
ma heating  with  the  sheet  moving  towards 
the  device  axis  is  found  to  bear  a  rela- 
xation character,  i.e.  the  plasma  tempera 
ture  in  the  sheet  increases  periodically 
and  then  decreases,  The  typical  time  of 
this  process  is  several  tens  of  nanosec. 
The  amplitude  of  température  change  is  of 
the  order  of  its  value. 
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The  physical  mechanisms  influenclng  the  cou- 
pling  of  energy  from  intense  laser  puises  to  dense 
plasmas  are  of  considérable  interest  for  the  prob- 
lem  of  laser-initiated  controlled  thermonuclear  fu- 
sion. Studies  of  thèse  phenomena  in  full-scale  ex- 
periments  involve  high-speed  diagnostic  techniques 

applied  to  rapidly  changing  plasma  conditions.  In- 
1-4 

terest  has  consequently  been  shown        in  experi- 
ments  of  a  modest  scale  with  somewhat  relaxed  phys- 
ical constraints  in  order  to  simulate  certain  as- 
pects of  the  energy  coupling  problem.     Here  we  des- 
cribe  such  a  simulation  study,  in  which  a  dense 
plasma  target,  created  by  a  fast  Z-pinch  discharge^, 
is  irradiated  by  a  pulsed  laser. 
1.     The  Plasma  Tàrget 

The  pinch  discharge  is  produced  between  cop- 
per  électrodes  spaced  25  cm  apart  in  a  Pyrex  vacuum 
vessel  of  22.2  cm  internai  diameter.     The  current 
is  supplied  by  a  low-inductance  energy  storage  bank 
charged  to  23  kV,  the  oscillating  discharge  current 
reaching  a  maximum  amplitude  of  approximately  500 
kA.     No  preionization  was  used.     The  pinch  was  op- 
erated  in  hydrogen  at  an  initial  pressure  of  3  Torr, 
maintained  by  continuously  flushing  gas  from  a  pres- 
surized  cylinder  through  the  discharge  vessel  with 
the  aid  of  a  mechanical  vacuum  pump.  High-speed 
photographs  indicate  a  reproduclble  first  plasma 
compression  (column  diameter  approximately  25  mm) 
lasting  about  0.5  ys.     Time-resolved  spectroscoplc 
measurements  of  the  discharge  were  made,  as  shown 
on  Fig.  1, 


Fig.   1    Plasma  émission  spectrum.     The  dotted  line 
indicates  the  assumed  continuum  intensity. 
The  1^   radiation  is  crudely  approximated  by 
the  triangular  région  superposed  on  the  con- 


The  spectrum  is  dominated  by  radiation 
(indicated  crudely  by  the  triangular  région  on  the 
figure),  the  line  being  strongly  Stark-broadened. 
The  width  of  this  line  indicates  an  électron  densl- 
ty  of  (1  X  lO-*-^  ±  20%)  cm"^,  suitable  for  laser- 
solid  target  simulation  experiments. 

The  observed  spectrum  is  net  classical,  and 
its  analysis  présents  some  dif f iculties.  However, 
a  self-consistent  interprétation  of  the  measure- 
ments, including  the  strong  absorption  of  the  H 
line  (A    =  6563  Â)  and  the  absence  of  recognizable 

and        radiation,  can  be  made^  by  recognizing 
that  substantial  departures  from  local  therraodynamic 
equilibrium  (LTE)  can  exist  in  a  plasma  undergoing  a 
rapidly-rising  degree  of  ionization^ ' ^ .     This  lack 
of  LTE  is  not  crucial  to  the  électron  density  deter- 


mination,  but  clearly  precludes  spectroscopic  tem- 
pérature measurements  of  the  pinch  plasma.  On  the 
basis  of  previous  work  by  other  authors^*^  a  kinetic 
température  of  approximately  10  eV  was  assumed,  a 
value  consistent  with  elementary  pressure  balance 
considérations. 

2.     The  Laser-Plasma  Interaction 

The  plasma  target  was  irradiated  transversely 
by  a  TEA-CO^  laser  puise,  focussed  to  give  a  laser 
power  density  (measured  in  vacuum)  of  approximately 
2  X  10"'""'"  W  cm~^.  Visible  perturbations  of  the  plas- 
ma émission  can  be  observed  using  high-speed  streak 
photography"'"^.  In  addition,  quantitative  measure- 
ments were  made  of  the  laser  radiation  backscatter- 
ed  from  the  plasma  column. 

A  spectrum  of  the  backscattered  radiation  is 
shown  on  Fig.  2.     Both  a  broadening  and  a  shift  to 
longer  wavelengths  are  évident,  with  essentially  no 
signal  présent  at  the  incident  laser  wavelength 
(AA  =0).     In  addition,  the  temporal  behaviour  of 
the  backscattered  radiation  can  be  very  complex,  and 
often  bears  no  apparent  relation  to  the  incident 
laser  puise.     The  results  indicate  that  stimulated 
Brillouin  scattering  dominâtes  the  backscatter  pro- 
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Fig.  2    Spectrum  of  backscattered  laser  radia- 

tion shown  in  terms  of  the  displacement,  AA, 
from  the  incident  laser  wavelength  (A 
10.6  pm). 


cess.     This  interprétation  leads  to  a  plasma  kinetic 
température  in  excess  of  200  eV  during  the  laser- 
plasma  interaction.     At  thèse  relatively  modest  la- 
ser power  densities  only  a  few  per  cent  of  the  inci- 
dent radiation  is  backscattered.     For  the  higher  la- 
ser power  densities  proposed  for  laser  fusion,  how- 
ever,  the  backscattered  fraction  may  be  considerably 
greater,  especially  if  relatively  long  (>  1  ns)  la- 
ser puises  are  used"*""*".     The  plasma  target  described 
here  can  provide  a  means  for  checking  such  a  hypoth- 
esis  experimentally. 
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EFFECT  OF  PULSE  SHAPING  ON  INTERACTION  PROCESSES  IN  LASER  PRODUCED  PLASMAS 
F.  Amiranoff,  R.  Fabbro,  E.  Fabre,  C.  Garban  and  J.  Virmont. 

Laboratoire  de  Physique  des  Milieux  Ionisés,  Ecole  Polytechnique,  91128  Palaiseau  Cedex,  France. 


In  order  to  understand  the  effcct,  of  long 
shaped  puises  which  must  be  used  to  reach  the  abla- 
tive  compression  mode  in  laser  fusion  expérimente, 
we  haue  set  an  experiment  in  which  we  hav/e  studied 
the  effect  of  the  prepulse  shape,  added  to  the 
main  pulse^  on  the  interaction  processes,  and  par- 
ticularly  on  the  stimulated  Brillouin  backscatte- 
ring  and  on  the  génération  of  hot  électrons. 

The  expérimenta  were  made  with  a  Neodymium 
ylasb  laser  which  dclivers  puises  uf  lOC  peak 
power  with  a  duration  of  100  ps  FWHM.  A  puise  sta- 
ker  permits  to  generate  two  types  of  puise  shape  : 
type  I  is  a  single  100  ps  puise  leading  the  main 
puise  by  500  ps  and  containing  10  %  or  30  %  of  the 
main  puise  energy ,  the  type  II  is  a  500  ps  pla- 
teau like  prepulse  in  front  of  the  main  puise  and 
containing  30  %  of  its  energy.  Beam  was  focused 
on  flat  aluminium  targets  at  intensities  of 
2.10^^  W/cm^. 

The  diagnostics  are  the  following  :  optical 
energy  balance  is  measured  with  an  Ulbricht  sphère; 
backref lection  is  also  monitored.  The  spectroscopy 
of  the  specularly  reflected  light  has  been  made 
in  some  expérimenta  in  the  case  of  a  22,5  oblique- 
ly  incident  beam.  The  continuous  X  ray  émission 
has  been  analysed  with  a  9  channels  System  using 
the  absorber  foil  method.  Change  collectors  pro- 
tected  from  secondary  émission  were  used  to  study 
the  fast  and  thermal  ion  émission. 


The  major  résulta  are  given  in  Table  I  for 
backscattering  and  optical  energy  balance  ;  we 
observe  that  the  backscattering  is  effectively 
increased  by  the  prepulse,  moatly  in  the  caae  of 
the  discrète  prepulse,  but  it  always  remains  lower 
than  20  %.  The  absorption  is  aurprisingly  constant. 

The  figure  1  shows  the  effect  of  prepulse  on 
fast  ions  and  hard  X  rays  émissions.  From  thèse 
reaults  and  électron  température  meaaurements  we 
have  alao  concluded  that  :  soft  X  ray  émission  and 
thermal  ion  production  are  increased  ;  hard  X  ray 
emiaaion,  faat  ions,  and  T^  hot  électron  tempéra- 
ture are  decreaaed,  depending  somehow  on  the  puise 
structure. 

The  figure  2  shows  an  example  of  the  spectra 
of  the  specularly  reflected  light  in  the  case  of 
the  22°5  obliquely  incidence,  obtained  in  diffé- 
rent expérimental  conditions.  It  appears  that  the 
spectrum  is  blue  shifted  without  prepulse,  is 
unshifted  with  the  continuous  prepulse,  red  shif- 
ted and  uery  broad  with  the  dise  te  prepulse. 

The  expérimental  results  have  been  analysed 
by  comparison  with  the  data  obtained  from  a  ID 
Lagrangian  numerical  simulation.  Figure  3  gives 
the  électron  density  profiles  for  the  time  copres- 
ponding  to  the  maximum  of  the  main  puise.  It  ap- 
pears that  the  prepulse  introduces  strong  modifi- 
cation in  density  profile.  In  the  two  cases  of 
prepulse  a  gentle  density  gradient  is  generated  in 
the  underdense  plasma  at  0.6  to  0.8  n^. 
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This  condition  is  very  favorable  for  the  Brillouin 
instability  and  thus  can  explain  the  increased  of 
the  backreflection.  It  is  interesting  to  note  that 
the  total  level  of  scattered  light  is  almost  indé- 
pendant of  puise  structure.  This  seems  to  indicate 
that  when  the  prepulse  is  présent  the  scattering  is 
only  more  collimated  as  one  can  expect  for  a  less 
inhomogeneous  plasma  with  more  gentle  électron  den- 
sity  gradient. 

Numerical  détermination  of  the  phase  velocity 
of  the  0.85  n^  surface  is  in  agreement  with  the  ob- 
served  gênerai  behaviour  of  the  mean  spectral  shift 
of  the  specular  reflection.  The  strong  spectral  bro- 
adening  observed  in  the  case  of  the  discrète  prepul- 
se can  be  a  signature  of  ion  turbulence  in  the  under- 
dense  plasma.  Numerical  simulation  confirm  the  pos- 
sible existence  of  this  turbulence  because  of  the 
présence  of  very  steep  température  gradients  asso- 
ciated  to  the  density  gradients  shown  on  the  fig.3. 

The  second  point  of  interest  concern  the  réduc- 
tion of  the  effect  of  hot  électrons  production  as 
observed  by  the  réduction  of  hard  X  ray  and  fast  ion 
émission  and  the  decrease  of  hot  électron  tempéra- 
ture. This  is  net  clearly  understood  but  however  the 
smaller  value  of  the  hot  électron  température  indi- 
cates  that  probably  résonance  absorption  is  less 
effective  because  of  the  longer  density  gradient. 
However,  thèse  larger  density  gradients  will,  in  turn, 
faveur  collisionnal  absorption  and  maintain  or  even 
increase  the  fractionnai  absorption  as  shown  on 
table  I. 

In  conclusion,  prepulse  affects  signif icantly 
the  interaction  processes.  It  seems  that  density 
profile  modification  can  explain  the  increase  of 
Brillouin  backscattering.  Hard  X  ray  émission  and 
consequently  hot  électrons  production  are  decreased. 
This  will  be  probably  due  to  a  réduction  in  reson- 


nant absorption  and  enhanced  classical  absorption. 

This  work  bas  been  made  as  a  part  of  the  scien 
tific  program  of  the  GRECO  Interaction  Laser  Matter 
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Table  I  :  Fraction  of  baaksaattered  light  :  B.S. 
Total  absorption  :  Abs. 


Figure  1  :  Effeot  of  a  prepulse  on  ion  (upper  ! 
trace)  and  X  ray  (  ZOKev)  (louer  trace).  200ns/div.] 
a)  without  prepulse  ;  b)  with  prepulse  \ 


\ 


(a)  (b)  te) 

Figure  2  :  Speatra  of  the  specularly  reflected  ligl: 
a)  without  prepulse  ;  b)  with  continuous  prepulse  ; 
c)  with  discrète  prepulse. 
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MONLINEAR  INVERSE  BREMSSTRAHLUNG  AND  HEATED  ELECTRON  DISTRIBUTIONS 

A.  Bruce  Langdon. 
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Laboratory,  P.O.  Box  808  L-477,  Livevmore,  California  94550. 


In  this  paper  we  réexamine  the  classical 
collisional  absorption  of  intense  laser  light  in 
a  dense  plasma.    We  consider  heating  and 
diffusion  of  électrons  of  various  énergies,  the 
évolution  to  a  non-Maxwel 1 i an  électron 
distribution  when  Zv^/v^  >1,  and  the 
resulting  changes  to  transport  and  other 
properties.    For  example,  the  inverse 
Bremsstrahlung  absorption  itself  is  reduced  by  a 
factor  of  two  compared  to  the  absorption  in  a 
Maxwellian  plasma  of  the  same  thermal  energy 
density.    For  materials  with  Z>>1,  this 
represents  a  more  significant  non- 
linearity  than  found  in  the  many  other  analyses 
for  which  the  relevant  parameter  is  v^/Vg. 
(Here  v^  is  the  peak  velocity  of  oscillation 
of  the  électrons  in  the  high-f requency  electric 
field,  VgE(Tg/mg)  ^''^  is  the  électron  thermal 
velocity,  and  Z  is  the  ionization  state.)  Note 
also  that  enhanced  isotropic  ion  fluctuations 
increase  the  scattering  rate,  as  high  Z  does. 
The  origin  of  this  non-linear ity  is  that,  when 
Zv^/v|   >1,  electron-electron  collisions  are 
not  rapid  enough  to  Maxwel lianize  the 
flat-topped  velocity  distribution  produced  by 
inverse  Bremsstrahlung. 

In  the  standard  classical  treatment,  a 
Maxwellian  électron  distribution  oscillâtes 
relative  to  the  ions  at  f requency 
where  t^.  is  the  electron-ion  scattering  time. 
For  small  v^/v^,  the  absorption  rate  is 
aCfg(O),  the  distribution  function  evaluated  at 
v=0,  so  it  seems  that  only  the  slowest  électrons 
contribute  to  absorption.    By  an  analysis  which 
requires  no  caTg^.  ordering  we  show  that  the 
absorption  is  in  fact  proportional  to  f 
evaluated  not  at  v-0  but  at  the  velocity  for 
which  wTg.(v)sl,  i.e.  the  oscillation  period 
and  scattering  times  are  matched. 


The  équation  for  évolution  of  fg(v,t),  due 
to  inverse  Bremsstrahlung  and  e-e  collisions,  is 
derived  and  integrated  numerically.    We  consider 
first  the  effect  of  inverse  Bremsstrahlung 
alone.    An  initially  monoenergetic  distribution 
diffuses  and  slows  in  balance  so  that  no  net 
gain  in  kinetic  energy  results.    When  électrons 
reach  slow  velocities  (such  that  '^'•g.(v)  1  1) 
their  loss  of  energy  is  slowed  while  upward 
diffusion  of  faster  particles  continués.  This 
is  the  meaning  of  the  resuit  that  the  absorption 
dépends  on  f^  at  low  velocities.    By  the  time 
the  électrons  have  gained  only  10%  in  energy, 
fg  is  close  to  its  late-time  form,  described 
by  a  similarity  solution  of  the  form 
u'^exp  (-v^/5u^),  with  u^«ct.    For  this 
distribution,  the  absorption  is  only  49%  of  what 
it  would  be  if  e-e  collisions  enforced  a 
Maxwellian  distribution,  and  heat  flow  is 
reduced. 

For  moderate  values  of  Zv^/Vg,  e-e 
collisions  al  ter  thèse  results  only  slightly. 
For  example,  with  Zv^/Vg=6  the  absorption  is 
still  only  49%  of  its  Maxwellian  value,  and 
inverse  Bremsstrahlung  contributes  equally  with 
e-e  collisions  to  diffusion  of  superthermals 
into  the  "tail"  of  the  distribution. 


*Work  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  the  Lawrence  Livermore 
Laboratory  under  contract  number  W-7405-ENG-48. 
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1.  INTRODUCTION 

A  plasma  maintained  by  c.w.  laser 
beam  is  reffered  to  as  a  continuous  opti- 
cal  discharge  /COD/.  For  the  plasma  main- 
tenance focused  radiation  of  powerfull  COg 
lasers  is  used.  The  COD  was  obtained  in 
rare  gases/1 , 2, 3, 4/  and  in  the  air  /5/. 

Due  to  large  température  gradients  a 
convective  flow  is  produced  in  the  vicini- 
ty  of  the  plasma. An  interesting  property 
of  the  flow  is  its  regular  oscillation 
with  the  frequency  of  about  25  Hz  /4/. 

The  aim  of  the  study,the  preliminary 
results  01  which  are  given  here,was  to  in- 
vestigate  the  température  and  density  dis- 
tribution in  the  COD  in  aigOx..bpec  Liosco- 
py  was  used  to  stuuy  the  hot  plasma  core 
and  interf erometry  for  the  neuxral  j^aa  de- 
nsity investigation  in  the  outer  région. 

2.  EXPERIMENTAL  ARRANGEMENT 

The  scheme  of  the  expérimental  set-up 
is  shown  on  Pig.  1.  'i'he  plasma  was  produ- 
ced inside  the  pressure  chamber  i.i  the  lo- 
cus  of  horizontally  propagating  COg-laser 
beam. The  beam  was  focused  by  a  spherical 
iïiirror,its  power  was  in  the  range  irom  100 
to  300  ,/atts.The  pressure  of  the  argon  ^ 
was  4  to  o  bars. 

3.  INTERNER  OwiETRIC  li/ÏE  APUREMENT  S 
Mach-Zehnder  interf erometer  with  a  He 

-Ne  laser  as  a  light  source  was  used. The 
pictures  oi  the  interlerograms  were  takeii 
with  the  use  of  a  movie-camera.The  expo- 
sure  time  was  typically  smaller  than  2  ms. 
The  use  of  the  movie-camera  allowed  to 


investigate  the  dynamics  of  the  gas  flow 
oscillations. 

It  was  found  that  the  x'ringe  snift  due 
to  the  électron  component  of  the  plasmc 
was  in  the  range  of  the  measurement  accu- 
racy  -  a  fraction  of  a  f riuge.Thus ,  the 
interferograms  were  interpreted  in  the 
terms  of  the  neutral  density  only. 

The  interferograms  exhibited  pronoun- 
ced  vertical  symmetry  axis  and  were  evalu- 
ated  via  theAbel  transformation. The  re- 
suit of  the  transformation  is  the  relative 
density  distribution  and  in  order  to  ob- 
tain  the  absolute  values  the  density  must 
be  known  in  some  point. The  fitting  at  the 
flow  boundary  results  in  poor  accuracy  aid 
therefore  in  our  case  it  was  made  at  the 
plasma  boundary , with  the  use  of  the  data 
obtained  from  the  spectroscopic  measure- 
ment s. 

As  an  example, the  density  distribu- 


Pig.  1 .  Scheme  of  the  expérimental 
arrangement . 
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tions  in  three  différent  phases  of  the  o- 
scillations,  at  the  pressure  of  4  bars, 
are  shown  on  Pig.  2. 


Pig.  2.  Weutral  density  oscillations  in 
the  COD  at  the  pressure  of  4  bars. 
The  frequency  of  the  oscillations 
is  21  Hz.  The  time  interval  between 
the  frames  is  14.25  ms. 
The  température  on  the  1x10  ^  cm"-^ 
isodense  is  2900  K. 

4.  SPECTROSCOPIG  LffiASUREMENTS 
The  absolute  intensities  of  Arl  7147Â 
line  and  the  continuum  at  7162  Â,  7112  Â 
and  4314  Â  were  measured.Por  the  absolute 
callibration  a  tungsten  ribbon  lamp  was 
used.  As  indicated  on  Pig.  1  a  spherical 
mirror  was  used  to  investigate  the  plasma 
absorption  at  7147  Â.The  absorption  was 
found  to  be  negligible.  Other  détails  of 
the  arrangement  are  shown  on  Pig.  1 . 

Though  the  plasma  was  found  to  be  a- 
symmetric,with  a  tail  in  the  upward  dire- 
ction, the  Abel  inversion  was  used  for  the 
obtained  intensities  and  then  correction 
factors  were  introduced  to  account  for  the 


change  of  the  shape.  The  température  was 
determined  from  the  resulting  emissivities 
The  results  obtained  from  the  measurement 
of  7147  X  line  and  the  blue  and  red  conti^ 
nua  differed  one  from  each  other  no  more 
than  15  per  cent. 

A  vertical  section  of  the  isotherms 
in  the  hot  core  of  the  plasma,  at  the  pre- 
ssure of  4  bars,  is  shown  on  Pig.  3.  The 
displayed  values  represent  the  average 
from  the  measurements  made  at  différent 
wavelengths. 

5.  CONCLUSIONS 

A  complex  diagnostics  of  the  COD  was 
performed  and  the  temperature/density  dis- 
tribution was  determined  in  the  whole  ré- 
gion influenced  by  the  plasma  présence. 
The  influence  of  the  convective  flow  on 
the  plasma  parameters  was  shown. The  resu- 
lts can  be  used  as  data  for  hydrodynaraic 
calculations  of  the  gas  velocity  field. 

I     COz  ^0^"  """"  àircciï^)^^ 

■.09^10000 


Pig.  3.  Isotherms  in  the  COD  plasma  as 
obtained  from  spectroscopic  measuranent 
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This  paper  reports  on  a  spectroscopic  study  of 
:he  ionization  dynamics  of  CO^  laser  induced  plasmas 
Ln  médium  pressure  hélium  gas.  Previous  studies  have 
3hown  /1-3/   that  the  various  mechanisms  of  plasma 
svolution  in  space  and  time  are  not  fully  elucidated 
înd  may  vary  strongly  with  expérimental  conditions. 

In  this  experiment,  a  UV  preionized  TEA  COj  la- 
ser delivered  approximately  1  J  in  a  puise  which 
consists  of  an  intense  spike   'x.  100  ns  wide,  foILowed 
by  a  weaker  émission  about  20%  of  the  peak  of  some 
1000  ns  duration.  The  pul^e  r^petj,tion  rate  i-s  3 
puises  per  second.  Plasma  diagnostics  were  carried 
out  with  a  high  degree  of  précision  and  reliability 
by  taking  advantage  of  the  good  shot-to-shot  repro- 
ducibility  and  of  the  high  répétition  rate  of  the 
laser.  Spectroscopic  measurements  were  made  with  a 
temporal  resolution  of  8  ns  and  a  spatial  resolution 
better  than  0.1  mm  in  both  the  axial   (z)   and  the  ra- 
dial  (r)   direction,  using  a  computer  controlled  data 
acquisition  System  already  described  /4/ . 

A  typical  time  resolved  spectrxim  taken  at  1  atm. 
about  1mm  above  the  focus  is  shown  on  Fig.l.  Time 
and  space-resolved  measurements  taken  along  the  la- 
ser axis  are  shown  on  Figs.2a-c.  They  give  respecti- 
vely  the  intensity  of  the  continuum  in  a  spectral 
région  free  from  atomic  and  ionic  lines,   the  inten- 
sity of  the  3'^D-2^P   (5876  A)   Hel  transition,  and  the 
intensity  of  the  n=4  to  n=3   (4686  A)   Hell  transition 
both  corrected  from  their  underlying  continuum.  The 
time  scale  origin  corresponds  to  the  beginning  of 
the  laser  puise.  Results  obtained  over  the  range 


Fig.l y  Time  resolved  spectra 
Stark  broadened  Hel  lines  ar« 
continuum.  The  4686  Â  Hell  1; 


at  Imin  above  focus. 

prominent  above  the 
ne  appears  by  300  ns. 
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0.7-2.5  atm.  were  qualitatively  the  same.  A  break- 
down  plasma  consisting  mainly  of  He     ions   (only  the 
continuum  and  Hel  spectra  are  observed)  appears  near 
the  focal  plane  (z=0)  during  the  rising  edge  of  the 
puise.  An  expansion  front  with  an  initial  velocity 
of  5x10^  cm/s  is  observed  to  move  in  a  direction  op- 
posite to  that  of  the  incident  laser  beam.  By  300  ns 
the  plasma  velocity  decreases  while  the  trailing  ed- 
ge of  the  luminous  front  moves  toward  the  focus.This 
period  is  dominated  by  a  sharp  rise  of  Hell  émission 
(Fig.2c)   and  a  strong  decrease  of  both  continuum  and 
Hel  émissions  (Fig.2a-b).  Thèse  results  confirmed 
the  time-resolved  spectrum  of  Fig.l.  The  électron 
température  increase  characterized  by  the  apparition 
of  Hell  radiation  was  found  to  be  directly  propor- 
tional  to  the  fraction  of  laser  energy  contained  in 
the  tail.  In  addition,  the  initial  speed  of  the  plasma 
front  and  the  time  of  Hell  radiation  appearance  were 
also  found  to  be  proportional  to  the  gas  pressure  . 
This  rules  out  a  radiation  driven  détonation  mecha- 
nism  /!/  of  expansion  under  the  présent  conditions. 
Also,  photoionization  of  the  unheated  gas  ahead  of 
the  plasma  front  is  unlikely  to  occur  since  the  e- 
lectron  température  deduced  from  the  ionization  sta- 
te  in  the  initial  plasma  is  too  low  (4  eV) .  Instead, 
plasma  évolution  is  governed  by  laser  driven  ioniza- 
tion dynamics.  Radial  observations  shown  in  Figs.3a 
-b  further  substantiate  this  hypothesis.  The  hot 
plasma  core   (800  ns  on  Fig.Bb)  builds  up  from  the 
bulk  of  the  cold  plasma  through  absorbed  IR  radia- 
tion from  the  laser  tail.   Indeed,   experiments  with 
a  COj  puise  free  from  tail  émission  display  a  considé- 
rable réduction  of  the  hot  core  size  and  température. 
The  blast  wave  mechanism  stated  in  Réf. 3  is  thus  to  be 
rejected.  Further  studies  of  plasma  parameters  inder  simi- 

lar  conditions  are  presented  in  thefbllowing   paper . 
1/  Yu.P.   RAIZER  -  Sov.   Phys.   Uspekhi  8^,   650  (1966). 
2/  N.  AHMAD,   B.C. GALE  and  M.H.KEY  -  Proc.   Roy. Soc. 
A310,   231  (1969). 


3/  E.V.GEORGE,   G.BEFEKI  and  B.YA'AKOBI  -  Phys. 

Fluids  14_,   2708   (1971)  . 
4/  N.  GRANDJOUAN,  J-C. GAUTHIER  and  J-P. GEINDRE  - 

C.R.  Ac.  Sci.  284,  437  (1977). 
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Fig. 2  -  Time  resolved  intensities  along  z.  Laser 
fromleftto  right  a)   continuum  (4750  Â)  ;  b)   Hel  emi 
sion  (5876  Â)    ;  c)   Hell  émission  (4686  Â) . 
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Fig.  3  -  Time  resolved  intensities  along  r  at  1  mm 
above  focus.  a)^HeI  émission   (5876  A)    ;  b)  Hell  .-i- 
émission  (4686  Â) . 
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SPACE  AND  TIME  RESOLVED  MEASUREMENTS  OF  ELECTRON  AND  ATOMIC 
EXCITED  STATES  DENSITIES  IN  A  CG_  LASER-PRODUCED  PLASMA  OF  HELIUM 


J.C.  Gauthier,  J.P.  Geindre  and  N.  Grandjouan. 

Groupe  d'Electronique  dans  les  gaz.  Institut  d'Electronique  Fondamentale,  Laboratoire  associé  c 
C.N.R.S.,  Université  Paris-XI-  Bât.   220,  91405  Orsay  Cedex,  France. 

Plasma  spectroscopy  is  an  efficient  means  to 
study  laser  induced  plasmas.  In  a  companion  paper  /!/  ^m.S  2.m 

we  have  shown  the  rôle  played  by  the  ionization  dyna- 
mics  on  the  plasma  structure  through  measurements  of 
relative  atomic  and  ionic  line  intensities.  Here,  we 
may  extract  information  about  électron  densities  and 
tenperatures  from  an  analysis  of  line  widths  and 
shifts.  Also,  a  measure  of  atomic  excited  states  po- 
pulations has  been  obtained  from  the  absorption  of  a 
visible,  auxiliary  laser. 

The  expérimental  conditions  were  similar  to  that 
described  in  Ref.l.  The  apparatus,  already  described 
in  Réf. 2,  has  been  slightly  modified  to  insert  a  ni- 
trogen  pumped  dye  laser  for  absorption  measurements. 
The  COj  and  the  dye  lasers  were  synchronized  to  bet- 
ter  than  10  ns.  The  probe  beam  diameter  was  about 
0.2mm.  Rejection  of  plasma  light  was  carefully  studied 
to  allow  absorption  measurements  down  to  the  percent 
level.  Radial  distributions  of  the  émission  coeffi- 
cient were  obtained  by  performing  an  Abel  inversion 
of  the  observed  émission  and  absorption  profiles 
using  standard  techniques  of  inversion  with  self  ab- 
sorption /3/.Typical  results  are  shown  on  Fig.l.Peak 
absorption  coefficients  of  50%  are  seen  to  strongly 
modify  the  émission  profile,  particularly  in  the 
cold  outer  plasma  depicted  in  Ref.l.  This  points  to 
the  uselessness  of  spectroscopic  diagnostics  in  la- 
ser-created  plasmas  if  self  absorption  is  not  pro- 
perly  taken  into  account. 

Space-resolved  line  profiles  were  recorded  for 
some  Hel  lines  and  fitted  by  a  non-llnear  multipa- 


Fig.  1  -  Radial  emissivity  of  Hel   (5876  A)  af  ter  Abel 
inversion,  a)  direct  émission  ;  b)   true  émission 
when  measured  absorption  is  taken  into  account. 

rameter  least  squares  method  to  Griem's  Stark  broa- 

dening  theory  /4/.  This  is  done  on  Fig.2  at  z  =  If 

r  =  0.5mm  for  the  2^P  -  2"^S  He  I  émission  at  3889  A. 

Detailed  agreement  is  remarkable,  especially  for 

the  strong    asymmetry  of  this  line  at  elevated 

électron  densities.  From  the  full  width  of  several 

tens  of  profiles  such  those  given  on  Fig.2,  we  ob- 

tain  a  "map"  of  the  time  évolution  of  the  électron 

density  as  shown  on  Fig.3.  Results  for  the  6678  A, 
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5876  A  and  3889  A  lines  predict  slightly  différent 
densities,  with  différences  not  exceeding  30%  in  the 
low  density  outer  plasma.  On  axis,  the  results  are 
within  a  factor  of  two  at  early  times  ;   the  reason 
for  the  discrepancy  is  not  yet  fully  understood.  Si- 
milar  remarks  apply  to  the  line  shift  for  which  we 
found  the  goôd  sign  and  order  of  magnitude.  The 
électron  température  was  inferred  from  relative  line 
to  continuum  intensities.     Typical  results  give  Tg= 
4  ±  1  eV  in  the  central  région  and  Tg  =  2.5  ±  0.5eV 
at  r  =  1.3  mm  by  500  ns,   that  is  before  plasma  core 
heating  by  the  laser  tail   (see  Figs.3a-b  in  1/).  Du- 
ring  laser  tail-heating,   the  électron  température 
reaches  5.8  ±  0.5  eV  on  axis,  as  deduced  from  Abel 
inverted  Hell  to  Hel  intensity  ratio.  From  absolute 
absorption  and  émission  measurements,  we  also  obtai- 
ned  the  absolute  populations  of  3"^P,   3"^D  and 

3^D  levels.  Results  for  the  2^P  level  population  in 
14  -3 

units  of  10      cm      are  given  on  Fig.4.  Similar 
structure  was  observed  for  the  other  excited  states. 
The  internai  consistency  of  the  experiment  was  checked 
by  verifying  within  10%  that  the  equal  energy  3^P 
and  3^D  levels  were  in  Boltzmann  equilibrium. 

Thèse  results  clearly  show  that large  gradients 
of  excited  states  densities (related  to  électron  tem- 
pérature gradients)  may  be  expected  in  laser  created 
plasmas.  Comparison  of  experiment  with  the  prédic- 
tions of  a  one-dimensional  lagrangian  code  /5/  inclu- 
ding  hydrodynamics,   ionization  dynamics  and  radia ti- 
ve  transfer  gives  encouraging  results  since  most  of 
the  spatial  structure  and  temporal  évolution  of  plas- 
ma parameters  and  excited  states  populations  are 
well  reproduced. 

1/  J-C. GAUTHIER,   J-P. GEINDRE,   N.GRANDJOUAN   :  this 

conférence. 
2/  Référence  4  of  the  preceeding  paper. 
3/  P.ELDER,  T.JERRICK  and  J.W.BIRKELAND  -  Applied 

Optics  4,   589   (1965) . 
4/  H.R.  GRIEM  "Spectral  line  broadening  by  plasmas" 

(Académie,  New  York,    1975) . 


5/  J-C. GAUTHIER,  J-P.  GEINDRE   (to  be  published) . 
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Fig. 3  -  Space  and  time  resolved  électron  density 
corresponding  to  the  raw  data  of  Fig. 2. 


Fig.4  -  2  P  level  population  density  as  a  function 
of  space  and  time. 
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CURVATURE  EFKECTS  IN  LASER  PLASMA  INTERACTIONS 


.  Yu,  P.K.  Shukia  and  K.H.  Spatschek  . 

titut  fia'  Theoretischc  Physik,  Ruhr-Universitàt  Bochum,  4630  Boahum,  F.R.  Germany. 
hbereiah  Physik,  Universitàt  Essen,  F.R.  Germany. 


Abstraot.-    in  laser  plasma  interactions,  the 
strong  self -generated  magnetic  field 
usually  has  a  curvature  which  is  of  the 
same  order  as  the  température  and  densi- 
ty  gradients.  This  curvature,  together 
with  the  anisotropy  in  the  électron  tem- 
pérature,  are  shown  to  resuit  in  a  fur- 
ther  réduction  of  the  already  inhibited 
électron  heat  transport  across  the  mag- 
netic field.  We  show  that  this  situation 
leads  to  hot  spot  formation,  occurrence 
of  V"Jeibel  type  instabilities ,  and  even- 
tual  magnetic  field  break-up. 
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SPECTRAL  LINES  EMISSION  FROM  CARBON-HYDROGEN  PLASMAS  GENERATED  BY  TEM^^  LASER  PULSES 
S.  Chyrczakowski,  K.  Melzacki,  and  M.  Sadowski. 

Institute  of  Nuolear  Research,  Ht gh-Tempe rature  Plasma  Physios  Department. 
05-400  Otuock-Swierk,  Poland. 


Abstract.  The  plasma  inve stigated  was  produced 
by  1  J,  ^Ons,  ruijy  l.tsor  puises  focuscd  onto  a 
thin  polyctliylo no  loil.  Coutrary  to  a  smooth  time 
variation  of  tho  laser  puises,  in  the  scattered- 
and  emitte -'.-radiation  there  were  observed  very 
distinct  spikes.  An  explanation  of  that  effect  has 
been  proposed. 

Introduction.  Majority  of  spectroscopic  investi- 
gations of  laser-produced  plasmas  is  based  on 
time-integrated  measurements  those  provide  very 
limited  information  on  the  plasma  dynamics,  The 
amount  and  energy  of  respective  ion  species,  as 
well  as  the  électron  températures  at  varions 
moments  can  be  determined  on  the  basis  of  time-re- 
solved  measurements  of  spectral  Unes,  e,g.  /!/, 
Papers  on  this  subject  are  not  numerous,  and 
différences  in  expérimental  conditions  make 
difficulties  to  transie r  the  results.  Therefore,  it 
was  necessary  to  perform  detailed  spectroscopic 
studies  of  a  plasma  generated  inside  the  SM  magne- 
tic  trap  /?/  . 

Expérimental  System.  To  produce  the  plasma,  a 
ruby  laser  generating  1  J,  ^Ons  puises  was  used. 
To  study  hydrodynamic  effects  the  TEM^^^  mode 
was  selected.  The  laser  puises  were  focused  onto 
a  250^um  polyethylene  foil  placed  pc rpendicular  to 
the  laser  bcam.  Ail  the  optical  studies  were  car- 
-3 

ried  out  at  a  pressure  of  10  Pa,  and  without  any 
Gxternal  magnctic  fiold.  Three  f.ist  photodiodes 
of  the  BPYP-A9  typo  woro  uscd  l'or  moa  surements 
of  the  incident  powcr  /signal  1/,  the  radiation 
transmitted  through  the  targct  /signal  1'/,  and  the 
light  reflectod  back  from  the  targct  into  the  apcr- 
ture  of  the  focusing  lens  /signal  R/.  Al!  tho 


signais  /l,  T,  and  R/,  alike  as  in  the  papcr  /3/, 
have  been  observed  with  the  same  beam  of  the 
S8-12,  50  MHz,  oscilloscope.  Using  a  second 
input  of  a  differential  amplifier,  the  R  signal  was 
amplified  100  time  s  to  be  comparable  with  the  1- 
and  T  -  signais . 

To  perform  spectroscopic  measurements  two 
glass  monochromators  equipped  with  the  Philips- 
56T\rP  photomultipliers  were  applied.  Those 
looked  tangentially  at  the  target  surface  and 
observed  the  same  plasma  région,  The  area  of 

the  monochromator  slit  projection  was  equal  to 
2 

O.lx  1mm    and  localized  at  the  distance  ot 
0.8-  1.0mm  from  the  target  surface.  The  over- 
lapping  of  the  two  images  of  the  slits  was  checked 
by  a  photographie  method,  The  radiation  signais 
were  registered  with  two  S8-I2  oscilloscopes 
triggered  by  the  IT  signal  from  the  fourth  photo- 
diode . 

The  laser  light  scattered  at  the  angle  90° 
/signal  S/  was  observed  through  the  monochro- 
mator tangentially  to  the  target  surface  .  For  a 
comparison,  the  light  reflected  /signal  )-AR/  from 
the  target  turned  at  4-5°  has  also  been  observed. 
Expérimental  Results.  The  1-,  T-,  and  R- signal  s 
normalized  and  those  obtained  with  a  plasma,  are 
shown  in  Figs.  la  and  Ib.  It  should  be  noted  that 
the  T- signais  vamed  considerably  from  a  shot  to  shot 
within  the  15  to  95%  of  the  I- signal.  Tho  R- signal 
reached  only  0.4%  of  the  1- signal  and  it  was  only 
slightiv  offorted  by  a  plasma.  The  possibility  of 
the  r(- Il  oc  II  on  within  a  narrow  spatial -angle  /4./ 
has  not  however  been  verified. 

'Whcn  a  plasma  was  generated,  tho  T-signal 
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was  usually  delayed  a  few  nanoseconds ,  and  its 
FWHM  decreased .  That  cannot  be  simply  explaine^d 
by  a  target-burn  effect  /5/,  The  S-signal  was 
observed  as  a  distinct  peak  /see  Fig.  Id/,  while 
the  MR- signal  had  an  usual  shape  /Fig.  2a/. 


time,  SOn^div  time,  20n^div 

Fig.l  Fig.2 

Since  the  laser  beam  was  focused  by  the  f/5.5 

lens,  a  single  laser  puise  of  a  relatively  low- 

power  density  /appr.  lO^^Wcm"^/  produced  a 

small  spot  of  an  irregular  outline  with  numerous 

bubbles.  Under  such  conditions  in  the  focus  there 

was  generated  the  plasma  of  Te=7eV  and 
17  _3 

n^  =  5x10     cm      /2/.  The  time-resolved  émission 
of  Hc(  6563,  ClI  4267,  and  CllI  iSUl  Unes  from  the 
plasma  plume  have  been  measured,  /see  Figs,  le 
and  2b-e/,  It  can  be  seen  that  the  Unes  observed 
/in  particular  CIll  iSUl j  reveal  several  distinct 
spikes.  Thèse  spikes  are  relatively  narrow,  and 
their  FWHM  is  of  the  order  of  10ns  /while  the 
rise  time  of  the  oscilloscope  was  equal  to  7ns/. 


Discussion.  The  observations  of  spike  émission 
of  the  carbon  Unes  are  contradictory  with  the 
results  presented  in  other  papers,  e.g.,  Boland 
et  al.  /l/  observed  smooth  variations  of  Cl -VI 
Unes,  the  CVl  U7ie  of  the  shape  similar  to  the 
laser  puise,  and  twice  longer  émission  of  the  CIII 
line.  Also  the  observations  of  X-ray  puises  emit- 
ted  from  targets  irradiated  by  high-power  lasers,' 
revealed  no  spike  structure  /5/.  On  the  other 
hand  it  is  knowii  that  the  power  density  distribut- 
ion of  a  pulsed  ruby-laser  beam  can  be  very  comp- 
lex  and  possess  a  number  of  "hot  spots"  those  can 
exist  a  few  nanoseconds  /6/,  Taking  into  account 
the  phenomena  mentioned  above  as  well  as  the  fact 
that  the  TEM^^  mode  was  used  and  the  laser 
energy  was  absorbed  over  the  whole  target  thick- 
ness  /the  focal  depth  was  5mm/,  one  can  assume 
that  a  complex  température  field  is  obtained. 
This  assumption  is  verified  by  the  fact  that  the 
uigiiiy  lonizea  species  and  fast  ions  are  observed 
under  the  same  expérimental  conditions  /7/,  If 
the  effect  discussed  could  be  obtained  at  higher 
power,  an  appropriate  multimode  laser  would  be 
a  convenient  tool  for  the  production  of  high-ener- 
gy  ion  puises.  Hence ,  further  investigations  on 
this  subject  are  to  be  continued. 

The  authors  wish  to  express  thanks  to  their 
colleagues  of  the  Plasma  Physics  Dep.  and  in 
particular  to  Mr.  R.  Jarz^cki  for  assistance  in 
the  course  of  the  experiment. 
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lONIZATION  OF  ISOLATED  DEUTERIUM  PELLETS  BY  NEODYMIUM  LASER  RADIATION 
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The  idea  of  employing  plasmas  produced  by  the 
irradiation  of  solid  hydroqen  pellets  with  high 
Dower  lasers  for  filling  of  magnetic  confinement 
devices  appears  very  attractive.  It  offers  the 
possibility  of  creating  a  high  energy  plasma  with 
low  impurities  and  without  any  current  whose  mag- 
netic field  might  impair  the  confinement  of  the 
plasma  in  the  plasma  machine.  The  nroperties  of  the 
laser  produced  plasma  can  be  selected  by  nrooer 
choice  of  the  pellet  size  and  the  laser  parameters. 
For  successful  application  of  this  method  it  is 
essential  that  the  pellet  be  completely  ionized  by 
the  laser  radiation.  The  reasons  is  that  any  po- 
lential  residue  material  of  Lhe  pellet  is  culd  and 
will  rapidly  cool  the  plasma  by  charge  exchange 
col  1  i  si  ons  . 

We  have  detemiined  expérimental ly  the  laser  oroper- 
ties  for  maximum  ionization  of  freely  falling  deu- 
terium  pellets.  The  envisaged  application  is  to  fill 
the  Rarching  II  II  b  stellarator,  which  calls  for 
pellets  containing  1  x  10^^  deuterium  atoms  and 
-  at  a  mean  plasma  energy  of  100  eV  -  for  a  laser 
energy  in  the  100  J  range.  The  oellets  are  formed 
by  extruding  a  bar  of  solid  deuterium  through  a 
hole  in  the  bottom  of  a  1 iqui d-hel i un-cool ed  cryo- 
stat and  by  cutting  i ts  lower  end  with  two  ohmical- 
ly  heated  wires.  The  cylindrical  pellets  with  a 
diameter  of  0.3  mm  and  a  length  of  0.5  mm  contain 
(1...2)  x  lO'^^  deuterium  atoms.  After  a  free  fall 
over  20  cm  they  are  ionized  in  the  focus  of  a 
0-switched  neodymium  laser  with  a  maximum  energy  of 
100  J.  The  ionization  of  the  pellet  and  the  early 
expansion  phase  without  magnetic  field  was  investi- 
gated  with  hologranhic  interferometry  (at  ruby 
laser  wavelength)  and  with  ion  collector  probes. 
A  balance  of  the  laser  light  was  made  in  order  to 
check  the  efficiency  of  the  method  with  resoect  to 
transformation  of  laser  energy  into  plasma  energy. 


It  was  found  that  less  than  10  'l  of  the  pellet  is 
ionized  when  the  laser  energy  is  applied  in  a  single 
puise  of  25  ns  duration.  However,  much  better  ioni- 
zation is  achieved  when  the  laser  energy  is  split  in 
two  successive  oui  ses  with  différent  énergies.  A  Tow 
power  prepulse  interacts  with  the  pellet  in  such  a 
way  that  the  following  main  puise  finds  favourable 
conditions  for  efficient  ionization  of  the  pellet 
materi  al . 

The  influence  of  the  following  parameters  which  are 
not  independent  of  each  other,  was  investigated: 

a)  Prepulse:    At  prepulse  intensitites  of 
(0.2... 20)  X  10^  'i/cm^  the  pellet  evaroratc-s 
imnediately  after  hte  laser  shot  and  the  pellet 
material  exnands  in  a  predomi nantly  gaseous 
State  at  a  velocity  of  aporoximately  5x10^  cm/s. 
Under  thèse  conditions  best  results  were  ob- 
tained  with  respect  to  ionization  by  the  follow- 
ing main  puise. 

b)  Puise  interval  and  laser  beam  diameter:  At  a 
constant  oreoulse  intensity  of  4  x  10^  W/cm^  the 
time  séparation  between  the  prepulse  and  main 
puise  and  the  diameter  of  the  laser  beam  at  the 
site  of  the  pellet  were  varied.  It  was  found 
that  for  a  laser  beam  diameter  of  3  mm  the  plas- 
ma production  reaches  a  broad  maximum  for  time 
intervais  between  300  ns  and  500  ns.  For  dia- 
meters  of  1.5  mm  and  5  mm,  respecti vely ,  much 
less  of  the  pellet  is  ionized. 

c)  Energy  of  main  laser  puise:    At  a  preoulse  in- 

9  2 

tensity  of  4  x  10    W/cm  ,  a  laser  beam  diameter 
of  3  mm  and  a  puise  séparation  of  500  ns  the 
pellet  becomes  80  %  -  20  %  ionized  at  the  maxi- 
mum main  puise  energy  of  100  J.  However,  by 
comparing  the  values  for  the  total  number  of 
électrons  with  those  of  the  ions  -  measured  at 
a  later  time  with  Faraday  cups  -  it  can  be  con- 
cluded  that  a  substantial  portion  of  the  plasma 
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recombines  qui  te  raniclly.  Numerical  calcula- 
tions  show  that  the  ionization  of  the  nlasma 
drops  within  200  ns  to  40... 70  %  of  its  initial 
value  and  then  decays  very  slowly. 

The  signais  of  the  ion  collector  orobes  facinci  the 
plasma  origin  from  différent  directions  revealed 
that  the  plasma  expansion  is  not  symmetrical  when 
the  oeil  et  is  irradiated  from  only  one  direction. 
In  this  case,  most  of  the  olasma  expands  in  the 
direction  onoosite  to  that  of  the  laser  beam.  A 
much  more  uniform  plasma  cloud  is  formed  when  the 
laser  radiation  imninges  on  the  pellet  from  two 
ooposite  directions.  However,  the  total  ion  number 
does  not  grow  with  the  number  of  laser  beams.  It 
grows  only  with  the  laser  energy  no  matter  from 
how  many  directions  the  oellet  is  irradiated. 

It  was  demonstrated  that  an  isolated  deuterium 
nellet  containing  (1...2)  x  10^^  deuterium  atoms 
can  be  comoletely  ionized  by  a  Q-switched  neo- 
dymium  laser  with  an  energy  slightly  above  100  J. 
The  process  is  very  efficient  with  resnect  to 
transfer  of  laser  energy  into  plasma  energy: 
Up  to  80  1  of  the  incident  laser  energy  is 
absorbed  by  the  pellet  and  roughly  1/2  of  this 
value  is  measured  as  ion  kinetic  energy.  The 
averaged  translational  energy  of  the  ions  is 
tynically  100. . .200  eV. 
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A  CO^  LASER  -PLASMA  IhJTERACTION  EXPERIMENT-  THE  SCATTERED  SPECTRUM  CF  LANGMUIR 
WAVES  DRIVEN  VIA  THE  ELECTRON-ION  DECAY  INSTABILITY 


M.J.  Forrest,  R.E.  Kirk   and  N.J.  Peacock. 

Culham  Laboratory,  Abïngdon,  Oxon,  0X14  3DB,  UK  ( Euratom/UKAEA  Fusion  Assoàiation) . 


Studies  of  the  interaction  of  a  pulsed  CO^  laser 
with  a  preformed  high  density  plasma  are  reported. 
The  plasma  is  produced  In  a  Plasma  Focus  device 
which  has  been  extensively  diagnosed.     Because  of 
the  high  Kinetic  energy  of  the  plasma  (5  Kj  cm  ^) 
compared  to  the  laser  pump  energy  (15  joules),  non- 
linear  plasma  processes  can  be  excited  without 
altering  the  basic  plasma  parameters. 
(1 } 

Previous  experiments  have  indicated  that  during 
the  compression  phase  of  the  plasma  when  r 


crit 

9.94,   10  ''^  électrons,  cm"'^  the  focused  laseï 


beam  is  totally  absorbed.  The  focused  spot  size  is 

500  microns  and  the  puise  width  40  nanoseconds  FWHM. 

Various  processes  have  been  proposed  to  account  for 
(2) 

this  behaviour.  Earlier  experiments        have  indic- 
ated that  the  electron-ion  decay  instability,  03  ->■ 
oj^  +  tu^^  ±  6(1)  can  contribute  to  the  absorption 
propess.     Where        and  are  the  Langmuir  and  ion- 

acoustic  wave  frequencies  respectively  and  6w  is 
the  permissible  frequency  mismatch  given  by 


P  being  the  ratio  of  the  pump  intensity  to  the 
threshold  intensity  of  the  instability,  and  v  is 
the  électron  thermal  velocity.     Using  the  analysis 
of  PerKins  qnd  FlicK  (1971) ''^^  for  an  inhomogeneous 
plasma  where  T^  >>  T^,  the  threshold  pump  intensity, 
when  the  swelling  of  the  pump  wave  is  taken  into 
account,  is  of  the  order  of  3.10^  watts  cm'^.  Here 
It  is  possible  for  Langmuir  waves  to  be  driven  well 
abave  thelr  thermal  level,  while  the  ion  acoustic 
waves  are  heavily  Landau  damped. 


A-«  q-switched  ruby  probe  laser  (500  MW)  has  been 
used  to  produce  a  co-operatively  scattered  spectrum. 
The  probe  beam  is  co-axial  to  the  CO^  pump  beam  and 
both  have  hoi-izontally  polarised  outputs.  The 
scattering  collection  optics  are  arranged  to  give  a 
forward  scattering  angle  of  6  ±  2.4°,  Fig.  1.  This 
results  in  the  scattering  parameter 

a  =  k(Debye)  /  K(Langmuir)  >  B 
If  a  <  4  then  significant  Landau  damping  of  the 
Langmuir  waves  occurs. 


GrEftKVAMlUM 


Fig.l    Sohematio  showing  ooaxial         pump  beam  and 
ruby  probe  beam  and  aolleation  optias.  The  perspect- 
ive veatàr  diagram  -illustrâtes  how  the  scattering 
veator  k  ia  arranged  to  be  parallel  to  tha  excited 
k  Langmuir 's. 

The  scattering  of  thèse  enhanced  Langmuir  waves 
results  in  discrète  shifted  électron  features,  each 
side  of  the  ruby  laser  wavelength  6943  K.  This  scat- 
tered spectrum  is  given  by 


•uby  - 


Therefore  the  peak  is  displaced  by  i'J^f^g^  "  ^.^^'^ 
.  with  a  width  of  2  6u.     There  j 


range  of  i 
optics. 


'ectors  accepted  by  the  stattering 
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A  gated  intensifiée!  optical  mu Itichqnnel  analyser 
(OMA],  in  conjunction  with  a  one  mètre  focal  length 
gratlng  spectrometer ,  has  been  used  to  résolve  the 
down-shif ted  wavelength  électron  feature.     The  ex- 
perlmentally  derived  profile  was  compared  with  theo- 
retical  prédictions  of  amplitude  and  shape. 
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Introduction 
There  has  been  considérable  interest  in  beat 
lieating  as  a  method  of  heating  underdense  plasmas 

The  scheme  uses  two  different-frequency, 
ligh-power  laser  beams  to  excite  parametrical ly , 
Dlasma  waves  in  the  underdense  plasmas.  The  sub- 
séquent damping  of  the  waves  is  expected  to  heat 
the  plasma.  In  order  to  have  efficient  coupling 
3f  laser  energy  into  the  plasma  wave  energy,  the 
phase  matching  condition  must  be  satisfied: 
a)Q  =  0)-,  + 

where  WQ,a)i  are  the  laser  frequencies,  i»^^  the 
iplasma  wave  frequency,  and  "^q,  t-^,  and       are  the 
corresponding  wave  vectors. 

An  experiment  using  the  9.56  m  and  10.28  m 
radiations  of  a  CO^  laser  and  a  hélium  plasma  is 
reported.  Evidence  of  beat  heating  has  been  ob- 
served.  However,  beat  heating  is  found  to  he  snall 
compared  to  inverse  bremsstrahlung  heating.  Poss- 
ible explanations  of  this  observation  are  given. 
Expérimental  Arrangement 

A  cold  cathode,  el ectron-beam  controlled  CO, 
4 

laser  designed  for  double-sided  opération     is  used 
for  the  beat  heating  investigations.    The  pulsed 
laser  is  capable  of  lasing  at  10.6  um  or  simultan- 
eously  at  9.56  um  and  10.28  um  by  the  insertion  of 
an  absorption  cell  filled  with  SFg  in  the  oscilla- 
tor  cavity.    When  run  at  10.6  vm  the  laser  produces 
50  ns  FWHM  puises  with  about  50  J  per  puise.  In 
the  double-frequency  mode,  the  energy  per  puise 
is  reduced  by  approximately  10%. 

The  plasma  is  produced  by  a  linear  discharge 
between  two  split-ring  électrodes  with  an  axial 
magnetic  field  of  2.8  T  provided  by  a  fifteen  turn 
coil  around  the  plasma  tube,  as  shown  in  Fig.  1. 
1  The  resulting  plasma  column       approximatel v  Q.l  m 
'  long  and  0.05  m  in  diameter  with  a  density  minimum 

'  *  This  work  was  supported  by  AFOSR  Grant  74-2639. 


on  axis.  A  trace  of  the  plasma  current  is  shown  in 
Fig.  2.  The  current  has  a  peak  value  of  125  kA  and 
laser  is  focused  into  the  plasma  at  approximately 
5  ys  after  the  initiation  of  the  plasma  current. 
Prior  to  the  firing  of  the  laser,  the  hélium  plasma 
has  a  température  of  about  4.5  eV  and  densities  of 
3.9  X  10^^  -6.5  x  10^^  m"^  as  the  filling  pressure 
is  varied  from  1.0  -  1.9  Torr. 

The  laser  is  focused  by  a  1  m  focal  length 
copper  mirror  to  a  spot  size  of  approximately 
0.0025  m  in  diameter  in  the  center  of  the  plasma 
column.    A  0.5  m  focal  length  mirror  at  the  exit 
end  of  the  plasma  source  refocuses  the  transmitted 
laser  beam  back  to  the  same  focal  spot.    As  a  re- 
suit, opposite  wave  vectors  are  présent  at  the  fo- 
cal spot  to  allow  antiparallel  beam  beat  heating 
investigations. 

A  diamagnetic  loop  located  at  the  focal  spot 
is  used  to  measure  the  température  chance  due  to 
heating  by  the  laser.  The  intensifies  of  hélium 
satellites  ^  are  used  to  measure  the  amplitude  of 
plasma  waves  in  the  plasma  as  a  resuit  of  optical 
mixing. 

Results 

The  température  increase  as  measured  by  the 
diamagnetic  loop  under  various  conditions  is  sum- 


marized  i 

the  following  table: 

Fi  1 1 ing 
pressure 

(Torr) 

Temp  increase 
with  single 
frequency  beam 
(eV) 

Temp  increase 
with  double 
frequency  beam 
(eV) 

1.0 

27.7 

+  13.1 

23.1  +  6.5 

1.1 

38.5 

+  6.1 

30.0  +  6.0 

1  .2 

52.6 

+  2.7 

35.1  +  5.5 

1.3 

53.2 

+  2.6 

47.7  +  10.4 

1.4 

90.7 

38.4  +  5.0 

1.5 

42.8 

+  4.6 

44.4  +  6.9 

1.6 

67.8 

+  26.2 

38.6  +  19.6 

1.7 

104.9 

+  6.3 

59.1  +  16.7 

1.8 

77.6 

+  15.7 

49.9  +  7.8 

1.9 

79.3 

+  13.2 

66.9  +  8.7 
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The  listed  figures  represent  the  average  of  two  or 
more  numbers  obtained  under  the  same  set  of  con- 
ditions.   The  indicated  errors  are  the  50%  confi- 
dence limits  obtained  by  assuming  the  data  follows 
the  "Students"  t-distribution  ^.    The  température 
increase  with  the  single  frequency  beam  which  has 
more  energy  per  puise  is  consistently  higher  than 
that  with  the  double  frequency  beam  at  ail  filling 
pressures  except  at  1.5  Torr.    On  applying  the 
paired  t-test  to  the  data,  this  observed  departure 
is  signigicantly  différent  from  the  rest  of  the 
measurements  with  a  better  than  99%  confidence 
level . 

As  the  filling  pressure  is  varied,  no  signi- 
ficant  satellite  émissions  associated  with  the 
2V  -  3V  transition  and  the  2^S  -  3^D  transition 
are  observed,  indicating  that  no  large  amplitude 
plasma  waves  are  présent. 

Discussion 

The  density  of  plasma  corresponding  to  1.5 
22  -3 

Torr  filling  pressure  is  5.3  +  .45  x  10     m  prior 
to  the  laser  puise.    As  a  density  of  5.9  x  10  m-3 
is  required  for  résonance  with  the  incident  9.56  ym 
and  10.28  ym  radiations,  it  is  likely  that  the  ob- 
served additional  heating  at  1.5  Torr  when  the 
laser  is  running  in  the  double  frequency  mode  is  a 
resuit  of  beat  heating.    However,  this  observed 
additional  heating  is  insignificant  compared  to 
inverse  bremsstrahlung,  which  may  appear  to  be  in 
conflict  with  theoretical  prédictions.    The  appar- 
ent contradiction  may  be  resolved  by  the  following 
explanation.    At  the  résonance  zone,  which  has  a 
physical  volume  of  the  order  of  1  mm'^,  the  élec- 
trons will  start  to  stream  out  of  the  interaction 
volume  as  soon  as  they  are  heated  as  a  resuit  of 
beat  heating.    Therefore,  the  density  at  the  réson- 
ance zone  drops  and  detuning  from  résonance  may 
resuit. 

Conclusion 

An  experiment  investigating  beat  heating  has 
been  conducted.    Additional  heating  at  1.5  Torr 
filling  pressure  is  observed  when  the  laser  beam 
has  both  9.56  ym  and  10.28  ym  radiation  components. 
However,  this  additional  heating  is  insignificant 
when  compared  to  inverse  bremsstrahlung  heating. 
Absence  of  any  significant  satellite  emmissions  in- 
dicates  that  no  large  amplitude  plasma  waves  are 
présent.    This  agrées  with  the  small  additional 
heating  observed. 
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Fig.  1. 
Expérimental  Arrangement. 


Fig.  2.  Plasma  Current  Trace 

(Vert.  -  31  kA/div,  Horz.-  2  ys/div). 
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Ultraviolet  spectroscopy  is  a  useful 
technique  for  the  study  of  plasmas  heated 
by  intermediate  laser  power  densities 
('\/10     W/cm  ).     In  this  work,   the  émission 
of  solid  carbon  targets  irradiated  with 
10.6  ym  laser  puises  was  measured  and 
calculated . 

The  gain-switched  puises  consisted  of 
a  70  ns  FWHM  spike  containing  0.4  of  the 
energy  followed  by  a  1  ys  tail.     The  focal 
area  for  normal  incidence  on  planar  gra- 
phite targets  in  vacuo  was  1  cm^ .  Average 
power  densities  were  near  5  X  10^  W/cm^. 
The  plasmas  were  observed  parallel  to  the 
target  plane  with  an  open  shutter  caméra 
and  a  1  meter  near-normal-incidence  gra- 
ting  spectrograph  operating  in  the  30- 
300  nm  range.     The  time-  and  space- 
integrated  spectra  were  recorded  on  Kodak 
•101  film.     Figure  1  shows  data  from  part 
of  the  spectral  range.     Strong  line 
radiation  is  évident. 

Standard  wavelength  tables  were  em- 
ployed  to  identify  the  observed  lines. 
Radiation  from  CI  through  CIV  was  noted, 
with  most  lines   from  the  two  highest  ion- 
ization  stages.     For  example,  many  lines 
from  cm  triplet  Systems    (with  principal 
quantum  numbers  n<5  and  An^2)   and  from 
cm  singlet  Systems    (n<5  and  An£3)  were 
observed.     CIV  doublet-system  lines 
(n<5  and  An=l)   were  also  identified.  The 
most  intense  is  the  CIV  line  at  155  nm. 
The  CIV  4d-5f  and  4f-5g  transitions,  at 
252.4  and  253  nm  respecti vely ,  suggest 
that  électrons  recombined  with  CV  (He-like) 
ions.     The  existence  of  CV  ions  implies 
, températures  near  10  K. 

A  stationary,  local-thermodynamic- 
equilibrium   (LTE)   model  was  developed  to 
compute  radiation  emitted  from  the  plasma. 
The  électron  density  in  the  excitation 
région   ('-lO-'-^  el./cm^  for  CO2  lasers)  and 
the  températures    ( -lO'^K)  justify  the  use 


of  an  LTE  model.     The  effects  of  thermal 
conduction  and  radiative  cooling  were  in- 
cluded,  but  hydrodynamic  flow  and  radiation 
transport    (opacity)   were  not  computed. 
The  time  history  of  the  total  line  output 
was  calculated  for  each  ionization  stage, 
as  shown  in  Figure  2  for  an  irradiance  near 
2  X  10^  W/cm^.     During  the  spike  of  the 
laser  puise,   a  large  fraction  of  the  ions 
exist  as  CV,   and  the  CIV  radiation  de- 
creases .     It  recovers  as  the  plasma  cools 
and  recombination  occurs ,     CIII  and  CII 
émission  appear  sequentially .     CI  émission, 
not  shown  in  Fig.   2,  occurs  late  in  the 
puise.     The  computed  relative  intensities 
agrée  quai itatively  with  the  measured 
spectra,   that  is,  CIII  and  CIV  are 
prédominant . 

Absorption  lengths  were  estimated  to  be 
less  than  100  ym  for  CIII  lines    (2p-3d  at 
57.4  nm  and  2s-2p  at  97.7  nm) .     This  in- 
dicates  the  need  for  more  complex  calcula- 
tions,   including  radiation  transport,  in 
order  to  use  line  ratio  techniques  for 
température  déterminations.     The  analysis 
of  the  measured  carbon  spectrum  will  be 
discussed  from  the  point  of  view  of  thèse 
opacity  considérations  and  comparisons 
made  against  calculated  émission  spectra. 

*Science  Applications,  Inc. 
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Figure  1:  Densitometer  traces  of  carbon  ultraviolet  spectra  excited  by  CO^  laser  puises 
Contamination  lines  from  oxygen  and  nitrogen  occur  above  about  12  eV. 
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Figure  2:     Computed  radiative  power  for  the  indicated  ionization  stages.     See  text. 
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MULTIPLE-PASS  LASER  HEATING  OF  A  SHORT  PLASMA  COLUMN 
R.D.  Brooks,  Z.A.  Pietrzyk  and  G.C.  Vlases. 

University  of  Washington,  Seattle,  Washington,  98195,  U.S. A. 


The  heating  of  linear  magnetical ly  confined 

plasmas  with  pulsed        lasers  was  proposed  as  a 

fusion  reactor  scheme  some  time  ago.^^^    Two  fac- 

tors  of  major  concern  for  such  a  device,  end  losses 

and  the  absorption  length  for  the  10. 6y  radiation, 

have  led  to  reactor  designs  on  the  order  of  a  kilo- 

meter  in  length.    More  recently,  work  has  progres- 
(2) 

sed  on  reducing  end  losses  by  several  means.^  '  The 

multiple  pass  experiment  reported  here,  whichissi- 

milar  to  one  suggested  by  Humphries, ^"^^  explores  a 

configuration  which  offers  the  possibility  of  mat- 

ching  the  effective  laser  absorption  length  to  a 

variety  of  proposed  shorter  reactors. 

Figure  1  shows  a  diagram  of  the  multiple  pass 

expérimental  System.    The  optical  cavity  and  thêta 
(4) 

pinch  are  the  same  as  previously  described^  '  ex- 
cept  that  there    is  a  6"  Germanium  (30%  ref)  output 
coupler  on  the  TEA  laser,  producing  100  Joules  of 
output  energy  in  about  one  ysec. 

Diagnostics  include  axial  viewing  holographie 
interferometry,  90°  ruby  laser  scattering,  photon 
drag  CO2  radiation  detectors,  calorimetry,  and  an 
infrared  spectrometer  used  to  analyze  the  backscat- 
tered  radiation. 

The  performance  of  the  non-laser  heated  thêta 
pinch  plasma  has  been  analyzed  using  double  puise 
holographie  interferometry.    Figure  2  shows  a  rep- 


FIG.  1.    Mul tiple-pass  expérimental  apparatus. 


resentative  hologram  and  density  profiles  for  the 
operating  conditions  chosen,  assuming  a  20  cm  long 
axial  uniform  plasma.  It  can  be  seen  that  a  den- 
sity minimum  on  axis  exists  at  times  between  the 
bounces  of  the  plasma  sheath.  The  numbers  within 
the  profiles  are  the  values  of  b  and  the  corréla- 
tion coefficients  when  the  central  ragions  of  the 

2 

profiles  are  fitted  to  the  équation:  "e  ^  "eo  '^'^  ' 
where  n^  and  n^^  are  in  électrons  per  cm'^  and  r  is 
in  cm.  A  long  plasma  column  with  a  parabolic  den- 
sity profile  periodically  re-focuses  ail  rays  that 
have  gone  through  one  focus.  For  our  conditions 
the  distance  between  foci  associated  with  the  ob- 
served  radial  density  gradient  is  on  the  order  of 
50  cm.  Thus  a  second  focus  is  not  realized;  in- 
stead  the  plasma  acts  as  a  lens  by  re-imaging  the 


incident  focal  spot.  The  rays  exit  the  plasma  from 
nearly  the  entire  area  within  the  density  well  and 


ELECTRON  DENSITY 
X  lO'*  cm''  I 


nt  10"     I  lu     .96      ^\^300  n» 
1.0  RADIUS  (cm)  1.0 

FIG.  2.    Hologram  and  density  profiles  for  the 
unheated  plasma.    The  parameter  b  and  the  corréla- 
tion coefficient  are  given  within  the  profiles  for 

2 

a  best  fit  of  the  central  région  to  n    =  n     +  br  . 
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FIG.  3.    Image  position  versus  b  (fit  to  parabolic 
density  profile)  for  various  input  focus  locations 
(cm).    Locations  are  with  respect  to  the  axis  in 
Figure  1 . 

appear  to  be  coming  from  an  image  location  near  the 
center  of  the  plasma  column.    Figure  3  shows  the 
position  of  the  focal  image  relative  to  the  axis  in 
Figure  1  versus  the  parameter  b  for  various  posi- 
tions of  the  incident  focus  spot  (shown  beside  the 
curves),  for  a  20  cm  column.    It  should  be  pointed 
out  that  neither  of  thèse  spots  is  where  the  rays 
actually  focus  but  '.-/hère  the  incident  rays  '.vould 
focus  and  where  the  exiting  rays  appear  to  diverge 
from.    It  can  be  seen  that  for  the  incident  focus 
at  X  =  -2  cm,  the  position  of  the  focal  image  is 
relatively  constant  over  the  range  of  density  pro- 
files observed  in  the  unheated  pinch.    For  this 
reason  it  was  decided  to  position  the  incident  fo- 
cus here  and  the  back  mirror  {fi  =  .5  m)  such  that 
its  center  of  curvature  is  at  X  =  +2  cm.  This 
should  return  the  rays  exiting  the  plasma  back  upon 
themselves  to  the  plasma  and  along  the  same  path 
through  the  plasma  to  the  laser  as  long  as  the  den- 
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FIG.  4.    Electron  température,  as  determined  by 

laser  scattering,  versus  time  into  the  pinch  cycle. 

Also  shown  are  the  averaged  températures  for  times 
greater  than  .7  ys. 


sity  profile  does  not  appreciably  change  in  the 
6  ns  the  rays  are  out  of  the  plasma. 

When  this  modified  concentric  optical  cavity 
(i.e.,  incorporating  the  return  mirror)  is  used, 
the  TEA  laser  output  contains  a  second  "spike"  which 
is  not  présent  without  a  return.    This  second  spike 
can  be  larger  than  the  first  when  the  first  spike 
occurs  at  around  400  ns  into  the  pinch  cycle.  For 
the  first  spike  occurring  at  times  between  350  and 
450  ns,  the  température  of  the  central  portion  of 
the  plasma,  measured  by  laser  scattering,  is  shown 
as  a  function  of  time  in  Figure  4.    Each  point  is  a 
computer  best  fit  to  the  average  of  a  number  (given 
beside  the  point)  of  shots.    Also  shown  here  is  a 
représentative  single  pass  (i.e.,  no  return  mirror) 
laser  output.    It  can  be  seen  that  the  plasma  dyna- 
mics  remain  important  until  about  700  ns,  after 
which  time  the  température  becomes  fairly  constant. 
Since  for  inverse  Bremmstrahl ung  absorption  at  con- 
stant density 

T^^/^  -  T^^/^  =  const.  X  laser  energy  , 

where  T^  and  T^  are  the  final  and  initial  tempéra- 
tures, the  single  pass  energy  would  have  to  pass 
through  the  plasma  at  least  twice  to  achieve  1.3 
times  the  température  increase.    In  this  manner  the 
number  of  équivalent  passes  to  achieve  the  multiple 
pass  températures  for  t  >  .7  pS  is  calculated  to  be 
4.1,  with  a  standard  déviation  of  1.3.    This  is  con- 
sistent with  what  can  be  expected  due  to  reflective 
losses  at  the  optical  surfaces  of  the  cavity. 

In  conclusion,  an  optical  cavity  including  the 
plasma  as  an  active  optical  élément  was  chosen  us- 
ing  holography.    Multiple  pass  heating  équivalent 
to  4.1  +_  1.3  passes  of  the  single  pass  energy  was 
determined  by  ruby  laser  scattering. 

This  work  was  supported  by  the  National  Science 
Foundation . 
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THOMSON-LIKE  RF  SCATTERING  BY  SMALL  OVERDENSE  PLASMA  PARTICLES 


William  A.  Janos. 

Consultant,  8381  Snowbird  Drive,  Huntington  Be 
ABSTRACT 

Linear  perturbation  theory  is  employed  to  estimate 
the  scattering  amplitude  and  cross  section  of  a 
small  overdense  plasma  particle  of  linear  dimension 
much  less  than  the  skin  depth  of  the  incident  radi- 
ation.    It  is  shown  that  the  scattering  properties 
so  derived  are  Thomson-like  and  can  exceed  the  con- 
ventional  sharp  boundary  Rayleigh-Mie  results  by 
several  orders  of  magnitude. 
INTRODUCTION 

The  reradiation  effects  giving  rise  to  scattering 
of  monochromatic  electromagnetic  waves  incident  on 
metallic  or  overdense  plasma  surfaces  are  generated 
by  the  free  électron  constituents  of  the  plasma 
within  a  layer  of  thickness  of  the  skin  depth,  , 
of  the  incident  waves.     Thicknesses  much  greater 
than  this  ^"j  are  essentially  superfluous  in  scat- 
tering.    Thus  it  would  appear  that  a  very  thin  or 
small  scatterer,  which  has  virtually  ail  of  its 
conduction  électrons  exposed  to  the  incident  radi- 
ation, reradiates  most  efficiently  in  terms  of 
scattered  power  to  mass  ratio.     Here  we  consider 
such  a  case  and  treat  it  by  linear  perturbation 
theory.     Consider  the  scattering  of  an  incident 
electromagnetic  wave    h_Cw)  of  frequency  oj  Hi) 
by  a  small  dense  charge-neutral  plasma  agglomerate 
of  characteristic  length  £    much  less  than  the  skin 
depth   4  (o  \  .     More  specif ically ,  let 

WAVE  EQUATION 

The  time  indépendant  wave  équation  for  the  diver- 
genceless  electric  vector  is  then 


oh,  California  92646. 

f  7  %    (  1  -  .  ^^mHi-J,))!  f  0 

le  -<^/^  '^^JAo  ;  ^  =  plasma  conductivity 
Ai~t(^f^)^  1    at  scatterer,  zéro  otherwise. 
INTEGRAL  EQUATION  FOR  THE  SCATTERED  FIELD 
The  intégral  form  of  (2)  of  interest  is  obtained 
through  inversion  by  the  free  space  Green's  dyad . 

E"    is  the  scattered  field,"and  5   -  (  V- -r';/,  r  -  v  | 
BORN  APPROXIMATION  FOR  A  SMALL  SCATTERER 
The  first  Born  Approximation,  £ç^(r-  )      to  the  .scat- 
tered field  would  arise  by  replacing  E(r')  ^he 
integrand  on  the  rlght  of  (4)  by  )  .  Under 

the  condition 

namely,  particle  size  much  less  than  skin  depth,  it 
can  be  shown  that  the  relative  error  In  scattered 
field  amplitude  due  to  the  first  Born  Approximation, 
neglecting  ail  of  the  higher  order  scatterer  terms 
is  bounded  as 

max  I        -  ^       J__  I 

\E,\  2$^,^) -S 

Thus  with  (5),  the  first  Born  Approximation  applies 
and  E  can  be  replaced  by  ^ ^  in  the  integrand  on  the 
right  of  (3).  It  also  follows  that  ail  of  the  terms 
in  the  integrand  are  virtually  constant  over  the 
small  plasma  volume.  The  scattered  field  t ^  ,  then 
takes  the  simplified  form 

where  f     is  a  mean  location  of  the  scattering 
volume, 


(6) 
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SCATTERING  AMPLITUDE  AND  CROSS  SECTION 
The  scatterlng  amplitude ^  and  cross  sé 


(8) 


COMPARISON  WITH  RAYLEIGH  SCATTERING 
The  Rayleigh-Mie  scatterlng  cross  section,        ,  for 
an  idéal  conductlng  particle  (of  infinité  conductiv- 
ity)  with  the  same  volume  is  glven  (as  in  référence 


1). 


(9) 


Thus  the  ratio  of  the  cross  section  (8)  and  (9)  is 

r   C^Vy^cr/^  )"  (10) 

Slnce  for  metals     q-  ~/û"iei-''  .  the  above  ratio 
can  be  large  in  the  RF  -  microwave  range. 
CONCLUSION 

It  appears  that  in  the  limit  of  small  particle  size, 
much  less  than  the  skin  depth  of  the  incident  radi- 
ation, the  plasma  électrons  act  collectively  and 
additively  with  their  individual  scatterlng  ampli- 
tudes to  give  rise  to  a  composite  Thomson  scatterer. 
For  high  conductivity  metals,  of  correspondingly 
high  collision  frequency  ^  ,  the  total  Thomson 
cross-section  of  the  conduction  électrons  is  modi- 
fied  by  the  rat±o{j-*j/^     .    Application  of  the  scat- 
terlng effects  considered  here  has  been  made  in 
référence  (2)  and  (3)  to  cohérent  forward  scatter- 
lng, where  the  estimated  radio  frequency  permitivity 
of  weak  concentrations  of  small  metallic  scatterers 
has  been  shown  to  produce  strong  reflection,  and  for 
weaker  concentrations,  diluted  an  order  of  magni- 
tude, strong  absorption. 
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CFFECTS  OF  SPACE  CHARGE  ON  THE  "EFFECTIVE  CROSS  SECTION" 
N.S.  Kopeika*,  T.  Karcher  and  O.S.  Ih. 

Department  of  Eleatvioal  Engineering,  University  of  Delawave,  Newark,  Delauare  19711,  U.S. A. 


Récent  évidence  that  the  response  of  gas  dis- 
charges to  incident  light  is  characterized  by 
spectral  effects  and  nonlinear 1 ties  strikingly 
similar  to  those  resulting  from  interaction  of  high 
intensity  focused  laser  beams  with  effectively  non- 
preionized  gases  have  suggested  an  analogy  between 
the  two  phenomena.       In  particular,  it  would  appear 
that  the  effect  of  electromagnetic  radiation 
incident  on  a  gas  discharge  is  to  break  down  the 
gas  slightly  further  beyond  the  breakdown  level 
produced  by  bias  currents.     As  a  resuit,  partial 
excitation  or  preionization  of  the  gas  by  an 
applied  current  can  permit  observation  of  gas 
breakdown  effects  by  small  signal  EM  fields  which 
could  otherwise  not  be  observed  at  such  low 
intensities  (microwatt  order  powers  and  lower). 
This  can  be  observed  at  both  short  wavelengths 
such  as  those  of  light  where  photoionization  of 
excited  atoms  takes  place  and  at  long  wavelengths 
such  as  those  of  microwaves  where  électron  kinetic 
energy  enhancement  by  the  rf  electric  field^  and 
cyclotron  résonance  effects^  are  apparent.  At 
optical  wavelengths,   illumination  of  a  Townsend 
discharge  by  low  intensity  light  leads  to  actual 
gas  breakdown  at  bias  levels  much  less  than  those 
required  without  the  light /'^     The  nonlinearities 
of  ion  production  upon  illumination  of  a  rare  gas 
Townsend  discharge  with  low  Intensity  optical 
radiation  have  been  explained  in  a  multi-inelastic 
collision  manner  analogous  to  multiphoton  loniza- 
tlon  phenomena  in  high  intensity  laser  interaction 


with  gases. 

A  natural  application  of  low  intensity  light 
interaction  with  gas  discharges  is  the  use  of  such 
devices  to  model  high  intensity  laser  gas  breakdown 
effects.  Such  phenomena  have  been  interpreted  by 
Panarella  as  high  energy  "single-photon"  photo- 
ionization through  the  "ef f ective-photon"  concept, 
based  upon  a  spatial  profile  of  energy  per  photon 
resulting  from  photon-photon  interactions  in  high 
intensity  focused  laser  beams.     Application  of  the 

above  analogue  interaction  to  Panarella' s  experi- 
8,9 

ments        suggested  that  nonlinearities  observed  in 
illumination  of  gas  discharges  with  low  intensity 
light  were  a  resuit  of  spatial  gradients  of  excited 
atom  densities  due  to  électrode  geometry.  Accord- 
ingly,   the  "effective  cross  section"  concept  was 
introduced  and  shown  mathematically^  to  be  analo- 
gous to  Panarella's  effective  photon  concept.  The 
former  is  based  upon  a  spatial  profile  of  excited 
atom  density  similar  to  Panarella's  spatial  profile 
of  photon  energy.     The  spatial  profile  of  actual 
photoionization  is,   in  principle,   the  same  in  both 
cases.     Indeed,  expérimental  vérification  with  low 
intensity  light  yielded  linear  ion  production  for 
relatively  uniform  excited  atom  concentration 
spatial  profiles  and  nonlinear  ion  production  for 
approximately  Gaussian  spatial  profiles  of  excited 

In  the  above  experiment,  in  order  to  make 
space  charge  effects  relativelv  insi gnif icant  the 
de  bias  was  only  O.A  nA.     Bias  voltage  was  33  V  de 
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about  40  V  below  de  breakdown.     The  internai  gain 
mechanisms  in  discharges  dépend  upon  électron  ener- 
gy.     Local  électron  energy  is  affected  by  space 
charge  conditions.     Thus,   if  space  charge  condi- 
tions are  changed  by  the  incident  illumination,  it 
could  be  possible  that  linearity  of  gas  discharge 
response  to  light  dépends  not  on  excited  state  con- 
centration spatial  profile  but  instead  on  space 
charge  ef  f  ects .  "'"'^     In  an  effort  to  evaluate  space 
charge  effects,  a  parallel  wire  lamp  similar  to 
that  in  réf.   5   (électrode  length  =1.2  cm,  électrode 
thickness  ~  séparation  =0.8  cm)  filled  with  10 
torr  Ar  was  biased  to  46  nA  with  a  bias  voltage  of 
80  V  de  (14  V  below  de  breakdown).     The  interelec- 
trode  spacing  was  seanned  with  both  0.18  mW  Ar 
(454.9  nm  wavelength)  and  He-Cd  (441  nm  wavelength) 
laser  beams  focused  to  67  pm  spot  radius.  The 
relatively  flat  intereleetrode  spatial  profile  of 
atomie  excitation  that  charaeterizes  low  blases  of 
such  lamps  was  interrupted  here  in  the  middle  of 
the  intereleetrode  space  by  a  hump  about  62%  higher 
in  signal.     The  hump  width  was  about  30%  of  the 
intereleetrode  séparation.     The  2-order  of  magni- 
tude inerease  in  bias  current  over  the  previous 
experiment  gives  rise  to  a  noticeable  excited  con- 
centration gradient  as  measured  by  both  lasers 
which  presumably  is  generated  by  space  charge 
effects.     Réduction  of  laser  power  1-order  of  mag- 
nitude resulted  in  an  almost  identical  spatial 
profile  redueed  about   lOX  in  signal  level,  includ- 
ing  the  hump.     The  présence  of  an  almost  identical 
hump  of  the  same  width  and  relative  height  (64% 
here)  interrupting  the  rather  flat  spatial  profile 
indicates  that  such  space  charge  effects  resuit 
from  the  de  bias  rather  than  from  the  incident 
laser  radiation.     Indeed,  réduction  of  bias  current 
resulted  in  disappearance  of  the  hump,  even  when 
seanned  by  the  0.18  mW  laser  beams  focused  as 


before.     Consequently ,  linearity  effects  for  the 
présent  experiments  should  be  unaffected  by  space 
charge.     With  80  V  bias  again,  illumination  of  the 
non-uniform  spatial  profile  région  resulted  in  non- 
linear  response  to  light  intensity  at  both  wave- 
lengths  while  similar  illumination  of  the  uniform 
spatial  prafile  région  resulted  in  linear  responses 
In  fact,  illumination  of  the  peak  of  the  space 
charge  hump,  which  has  a  flat  spatial  profile  of 
excited  atom  concentration,  also  resulted  in  lineai 
response.     The  expérimental  confirmation  of  the 
effective  cross  section  concept  is  thus  strength- 
ened.     Linearity  of  response  seems  to  dépend  upon 
the  predicted  geometrical  rather  than  space  charge 
effects. 

It  is  worthwhile  noting,  too,  that  discharge 
response  to  the  Ar  laser  was  noticeably  doser  to 
that  of  the  He-Cd  laser  in  the  uniform  as  compared 
to  non-uniform  spatial  profile  région.     This  sug- 
gests  possibly  increased  résonance  radiation 
trapping,'^"'"  which  charaeterizes  the  opto-galvanic 
effect,   in  régions  of  non-uniform  excited  atom 
spatial  profiles.     It  is  planned  to  explore  this 
further . 
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HIGH  PRESSURE  OPTICAL  DISCHARGES 

C.  Carlhoff,  J.H,  Schafer,  K.  Schildbach  and  J.  Uhlenbusch. 

Physias  Institute  II,  Vniversity  of  Dusseldorf,  F.R.G. 


Continuous  optical  discharges  (COD)  were  investi- 
gated  in  the  past  by  many  authors,  see     D  -  7]  . 
As  a  resuit  of  thèse  experiments  it  was  shown 
that  in  horizontal  configurations  beyond  a  cri- 
tical  pressure  of  say  30  bar  COD  cannot  exist, 
whereas  in  vertical  configurations  pressures 
of  45  bar  were  reached.    In  our  experiment  dis- 
charges were  sustained  up  to  145  bar  and  there  is 
no  doubt  that  even  higher  pressures  are  possible. 

As  a  light  source  a  cw  -  CO^-laser  with  a  maximum 
power  of  1500  W  is  used.  The  laser  assembly  is 
built  up  as  oscillator-  amplifier  System.  The 
CO^-monomode  beam  is  vertically  focussed  inside 
of  a  high  pressure  chamber  by  a  gold  coated  mir- 
ror  of  focal  length  f  =  2,5  cm  (see  fig.  1).  The 
plasma  can  be  ignited  by  means  of  a  thin  tungsten 
wire  which  is  moved  for  a  short  time  through  a 
région  near  the  beam-focus.  The  high  pressure 
chamber  provides  a  conical  KCl-  or  ZnSe-window  of 
20  mm  thickness  for  entering  the  laser  beam, 
which  allows  opération  up  to  1000  bar.  Sapphire 
Windows  of  good  quality  are  mounted  for  spectro- 
scopic  observation  of  the  plasma,  for  schlieren 
pictures  and  interferometric  studies. 

The  shape  of  the  COD  is  conical,    if  the  focussed 
laser  beam  is  directed  as  shown  in  fig.  1.  The 
spatial  dimension  of  the  plasma  can  be  altered  by 
changing  the  laser  power.  Higher  power  in  the 
laser  focus  blows  up  the  plasma  dimensions  as  can 


be  seen  from  fig.  2.  As  the  température  measure- 
ments  under  high  pressure  conditions  in  fig.  3 
show,  a  second  température  maximum  can  occur,  so 
that  the  plasma  has  a  shape  like  a  "sandglass". 

Local  température  and  électron  density  measure- 
ments  in  argon  were  performed  by  monitoring  con- 
tinuum  radiation  at  X=  4470  8,  assuming  that 
Saha's  équation  is  valid.  Figi.  2,3  show  typical 
température  plots  and  électron  density  profiles 
achieved  by  side  on  observation  of  the  plasma 
using  Abel's  inversion.  It  is  interesting  to  no- 
te, that  there  is  only  a  small  increase  of  the 
électron  density  from  5x10^''  cm"'^  to  7x10^''  cm"'^ 
if  the  chamber  pressure  changes  over  two  orders 
of  magnitude. 

The  température  profile  of  the  plasma  can  be  deri- 
ved  from  the  balance  équations  in  the  fluid  dyna- 
mics  approximation.  A  gênerai  two-dimensional  so- 
lution of  thèse  équations  is  not  known  up  to  now, 
approximations  are  available  as  a  cylindrical  so- 
lution with  one-dimensional  flow  and  averaged 
transport  processes  [1]   ,  cylindrical  solution 
with  one  -dimensional  flow  but  two-dimensional 
beat  losses  [s]  ail  assuming  parai lel  and  homo- 
geneous  laser  beams.  Converging  beams  without 
flow  but  two-dimensional  beat  flux  distribution 
are  considered  in  [3]  and  [9j  .  Introducing  the 

T 

beat  flux  potential  S  =  |  K.   •  dT  (with  )<  ther- 
mal conductivity  and  Tp^  température  far  away 
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£rom  the  plasma)  the  energy  balance  (with  one-di- 
mensional  £low)  reads  for  a  Gaussian  intensity 
distribution  across  the  beam  î 


[6]  CD.  Moody,  J.  Appl.  Phys.  46,6  1975 
[7]  Z.Mucha  Bull.Ac.Pol.  SST  25  1977 
[8]  J.H.  Batteh  IEEE  PS  2  1974 
[9]  J.  Ulilenbusch,LuPP  2  Physics  Inst.II, 
Univ.  of  Dusseldorf,  1973 


Here  A  =                        with  ^^^mass  density,  Cpe« 
spécifie  heat  capacity,       thermal  beat  conducti- 
vity,  Vpo  velocity  far  away  from  the  plasma. 
yV*"  =  W»  ^'1  -h  X^jwith       =  beam    waist  and  Zj^ 
=  Rayleigh  length.  A  solution  in  the  outer  région 
without  absorption  is  given  by  

■Vr'-  +7.'- 

This  solution  can  be  expérimental ly  verified  by 
interferometric  measurements ,  as  was  done  by 
Wroblewski,  see  fig.  4.  For  pressures  in  the  5 
bar  régime  the  assumption  of  an  inner  spherical 
absorption  région  (with  Ky^ '^S)  is  a  good  approxi- 
mation. Then  the  energy  équation  can  be  solved 
inside  the  plasma  with 

The  calculated  laser  power  to  sustain  a  given 
maximum  température  as  well  as  the  température 
profile  from  thèse  simple  formulas    are  in  good 
agreement  with  the  experiments,  A  more  gênerai 
solution  of  the  energy  balance  is  in  préparation. 

The  authors  thank  Dr.  Byszewski,  Dr.  Plochocki 
and  Mr.  Wroblewski  from  the  Polish  Academy  of 
Sciences  for  their  support  and  helpful  discus- 
sions. 
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The  effect  of  lowering  the  threshold 
of  gas  breakdown  by  laser  émission  near 
métal  surfaces  has  been  investigated  in  a 
large  number  of  expérimental  and  theore- 
tical  Works.  The  main  regularities  of  this 
phenomenon  have  been  examined  in  détail 
in  réf.  /I/;  they  comprise  the  heating  of 
the  surface  by  laser  émission  to  the  boil- 
ing  température,  its  intensive  evaporati- 
on  and  the  évolution  of  the  breakdown  in 
the  vapours  formed.  In  several  experiments 
it  has  been  found,  however,  that  original- 
ly  the  breakdown  appears  in  isolated  po- 
ints of  the  surface  during  the  time  in- 
sufficient  for  the  heating  of  the  surface 
to  the  boiling  température.  In  ref,/3/  it 
has  been  found  that  the  recorded  surface 
températures  turn  out  to  be  much  higher 
than  those  calculated  from  the  measured 
reflection  coefficients.  Accordingly,  the 
authors  of  /3/  has  suggested  that  the  re- 
corded température  characterizes  not  the 
surface  température  but  the  température 
of  much  more  heated  local  microregions. 

In  what  follows,  we  investigate  a  pos- 
sible mechanism  of  optical  breakdown  ari- 
sing  in  local  micro-inhomogeneities  of  the 
surface. 

It  is  known  /4/  that  on  any  polished 
métal  surface  there  alv;ays  are  rarely  dis- 
tributed  shavp  prominences  I  or  2  high 


and  ~ 0,1  M.  thick.  On  their  tops,  the  exter- 

^  2 
nal  electric  field  is  enhanced  by~IO  ti- 

mes.  For  def initeness ,  we  assume  such  a 
prominence  to  be  a  half-ellipsoid  with  se- 
miaxes  G    =  I  ju  and  2 6  =0,1  ja  at  an  angle 
0  =  45°  to  the  surface. 

Consider  the  behaviour  of  such  a  promi- 
nence in  the  variable  field  set  up  by  a 
C02-laser.  Takin£'  advantage  of  the  theory 
of  absorption  of  electromagnetic  radiation 
by  particles  of  £,mall  dimensions  /5/  and 
substituting  a  uniform  variable  field  with 
the  intensity  EsL^/;/^  for  a  real  electric 
field  at  the  surface,  we  obtain  the  follow- 
ing  expression  for  energy  release  lier  unit 

^Mê)  X  '  '  ^  (I) 

Here  I  =  ,  R  is  the  surface  reflection 

coefficient, X =  — ^   the  radiation  wave- 
length. 

We  note  that  formula  (I)  is  valid  pro- 
vided  that  43ré/w  (^/a  )^  »  I  (  à  being  the 
conductivity)  .  'Ve  assume  that  the  energy  is 
released  uniformly  throughout  the  whole 
volume  of  the  prominence,  the  beat  is  re- 
moved  only  through  its  base  with  the  area 
JT^^  and  its  température  is  equal  to  that 
of  the  surface,  Tg^^    Then  the  time  depen- 
dence  of  the  température  of  its  top  is 
given  by 


where  K     and    "K    are  the  coefficients  of 
thermal  conductivity  and  diffusivity  of 
the  prominence  material,  respectively. 

From  formulas  (I)  and  (2)  it  follows 
that  the  prominence  is  heated  much  faster 
than  a  smooth  surface.  Thus,  at  k=2^jj^ 
X=I  cm  /sec,  fcO,9  and  radiation  intensi- 
ty '>-5.Io'^W /cm^  the  top  of  the  prominence 
will  be  heated  to  the  boiling  température 
—9 

during~2,I0  -^sec,  whereas  the  températu- 
re of  the  surface  itself  remains  practi- 
cally  unchanged, 

After  the  boiling  température  is  reach- 
ed  near  the  prominence  top,  there  forms 
vapor  with  the  density 

Here  Uj  is  the  velocity  of  sound  in  the 
vapor  at  the  boiling  température,  L  the 
beat  of  evaporation  par  single  partiale, 
Qevkf^Q- ltKê'7}ci€/(X     being  the  portion  of 
energy  spent  to  evaporation  .  For  the  abo- 
21  —5 

ve  parameters,  n„~IO    cm       Since  in  the 
case  of  the         laser  the  condition  is  ful- 
filled,  the  electric  field  at  the  top  of 
the  prominence  is  signif icantly  higher 
than  the  average  electric  field.  Assuming 
such  a  top  to  be  a  hémisphère  of  radius  6  , 
the  field  enhancement  coefficient  is  given 
by;.-f , 

Gonsider  the  behaviour  of  électrons  in 
a  vapour  with  density  ~  10    cm      in  a  volu- 
me ~  C^under  the  influence  of  the  electric 
field  ^  Eq-  cos  Wt.  The  équation  for  the 
électron  energy  è  will  be  written  as 

Here  V  is  the  électron  collision  frequen- 
cy,  D  the  diffusion  coefficient,  £~5  eV. 


Since  in  our  case,  the  elastic  losses  may 
be  neglected,  as  compared  with  the  losses 
to  diffusion  and  ,  from  équation  (4) 

we  obtain  the  condition  of  gas  breakdown 
by  radiation: 


In  case  ^  =20,6=  5oI0~^  cm,  we  have 
\>  ^  /cm^,  the  avalanch  development 

time  being       lO""^''"  sec.  Thus,  at 

5-10'''  W  /cm^  on  the  microscopic  prominen- 
ces  of  the  surfaces  there  arise  régions  of 
fully  ionized  plasma  which  serve  as  the 
sources  of  spherical  light  détonation  wa- 
ves thus  giving  rise  to  the  spreading  of 
the  discharge  over  the  entire  target  sur- 
face irradiated  by  a  laser. 
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gVESTIGATION  OF  PLASMA  FORMATION  DYNAMICS  AND  PROPERTIES 
F  SScREXPANC^  EROSIVE  LASER  PLASMA  FLARES 
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Ln  View  of  a  wide  laser  application  for 
Dbtaining  moviiig  plasmas        the  effect  of 
a  free-runiiing  mode  laser  radiation  of 
noderate  intensities  on  différent  absorp- 
tive  materials  it  is  of  great  importance 
to  examine  plasma  formation  dynamics  aind 
b.eating  the  underexpanded  supersonic  ero- 
sive  laser  plasma  flares  ixnder  formation. 
Spectroscopic  studies  of  the  effect  of 
free-running  mode  laser  radiation  might 
give  us  a  required  information  only  in 
case  we  use  the  methods  providing  for 
both  space-  and  rather  high  time  resolu- 
tion. In  the  présent  paper  this  is  attai- 
nable  by  high-speed  frame-wise  spectrum 
recording  which  enables  the  diagnostics 
of  plasma  clusters  corresponding  to  sepa- 
rate  laser  spikes  to  be  performed. 
In  the  experiments  a  Nd  glass  laser  with 
puise  energy  aoout  50 Oj  at  a  half -ampli- 
tude level  duration  of  500 jusec  was  used. 
Laser  radiation  was  focused  into  the  spot 
of  '-^  0.2cm  diameter  on  the  target  surface. 

The  density  of  laser  radiation  flux  was 

7  2 

about  2.10'Wt/cm  ,  and  was  sufficiently 
enough  for  intensive  evaporation  and  pla- 
sma formation  under  effect  of  every  indi- 
viduel spike.  Aluminium,  brass  and  lead 
were  used  as  plasma  formation  materials. 
Intensive  continuum  and  spectral  lines  of 


atoms  and  ions  of  target  material  éléments 
may  be  used  for  measurement  of  the  main 
plasma  parameters.  For  this  purpose  the 
calculation  of  plasma  composition  and  the 
émission  and  absorption  coefficients  over 
a  wide  spectral  range  have  been  made  for 
a  wide  range  of  électron  densities  at  dif- 
férent températures  with  the  Minsk-52 
computer,  The  continuum  coefficients    £  ^ 
have  been  calculated  from  experimentally 
measured  space-time  resolved  spectral 
brightnesses  of  plasma.  The  électron  den- 
sities have  been  found  both  by  the  calcu- 
lated graphs  j-   (  )  for  différent 
températures  and  by  the  spectral  line 
broadening  due  to  the  quadratic  Stark 
effect. 

The  study  of  frames  of  spectrograms  and 
streaks  showed  that  for  every  plasma  clu- 
ster  corresponding  to  a  separate  laser 
spike  the  glow  brightness  amounts  to  maxi- 
mum at  some  distance  from  the  target  sur- 
face (for  Al  0.4-0. 6mm,  brass  0.5-0, 8mm, 
Pb  0,2-0. 3mm),  The  glow  intensity  distri- 
bution along  the  plasma  cluster  at  diffé- 
rent periods  of  time  is  represented  in 
Fig.1   ("1"  is  the  glow  origin,"2"0, 15^1360, 
"5"  O.Jjusec  and  "4"  O.^sec;  the  case  of 
the  brass) . 

To  identify  the  "dark  space"  (the  weak 
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glow  zone,  detected  at  the  target  surface) 
one  had  to  diagnose  the  nearsurface  plas- 
ma formation  for  aluminic  target,  Only 
5-8  frames  of  spectrograras  corresponding 
to  separate  fragments  of  the  flare  deve- 
lopment  no  later  than 
40  jusec  after  the  on- 
set  of  laser  effect 
were  processed  quan- 
titatively  as  after- 
wards  the  spectrum 


2.  e, 

nature  changed  sharply.  Separate  frames 
served  for  détermination  of 


ectral  radi- 
ances  along  the  plasma  formation  for  3 
wavelength  régions  of  the  continuum  far 
from  intense  spectrum  lines.  The  "bright- 
ness  température"  calculated  is  5.10^  °K 
in  the  dark  space  région  and  increases  to 
the  height  of  0..5mm.  At  the  distance  of 
more  than  1mm  frora  the  target  surface  tem- 
pérature was  measured  by  relative  intensi- 
ties  of  spectral  lines  Al  III  448nm  and 
451 nm;  the  température  values  are  in  the 
range  15000-23000  °K,  The  analysis  of  ra- 
dial profiles  of  continuum  and  spectral 
lines  intensities  in  différent  cross-sec- 
tions of  the  flare  in- 
dicates  an  existence 
of  pronounced  tempe- 
rature  gradients 
along  the  plasma  for- 

mation  radius.  0      2       4  â,mm 

Fig.2 

Due  to  the  usage  of  the  technique  descri- 
bed  we  succeeded  in  obtaining  the  électron 
distribution  along  the  plasma  formation, 
Pig.2  gives  the  typical  électron  density 
distribution  along  the  plasma  cluster  cor- 


responding to  a  separate  laser  spike. 

The  studies  show  that  the  maximum  values 
of  the  électron  density  (2,lo''^cm"^)  and 
the  température  in  an  erosive  plasma  clus-i 
ter  are  available  at  some  distance  from 
the  target  surface,  This  cluster  area  is 
separated  from  the  target  surface  by  a 
narrow  weakly  glov/ing  zone  with  T'^'5.10^  °] 
and  Ng'^lo'^'^cm"^.  The  detected  dark  space 
présents  the  zone  of  formation  of  erosive 
vapor  cloud  which  absorbs  laser  radiation 
for  every  puise  duration.  On  attainment  ci 
critical  flow  density  it  résulta  in  a  plas 
ma  formation  at  some  distance  above  tiie 
target  surface.  As  the  time  required  to 
obtain  the  critical  flow  density  is  detei»-^ 
mined  by  the  steepness  of  the  puise  front 
then  the  dark  space  value  dépends  on  the 
puise  shape, 

The  dark  space  value  1^    can  be  estimated 
by  the  distance  covered  by  the  vapor  cloud 
for  the  time  from  the  onset  of  evaporatioD 
to  plasma  formation  (at  critical  flow  den- 
sity),  The  estimation' yields  the  value  of 
l^'^0.5nmi  which  satisfactory  agrées  with 
the  expérimental  one,  The  dark  space  value 
dépends  also  on  the  ambient  pressure  and 
cannot  exceed  the  value  of  the  unidimen- 
sional  expansion  région  where  the  absorp- 
tion of  the  incident  radiation  is  the  most 
efficient  one,  Hence ,  with  increase  of  the 
irradiation  spot  and  with  the  usage  of  the 
laser  puise  of  the  large  front  duration 
the  plasma  formation  will  occur  at  a  con- 
sidérable distance  from  the  evaporating 
surface. 


JOURNAL  DE  PHYSIQUE 


Colloque  C7 ,  supplément  au  n°7.  Tome  40,  Juillet  1979,  page  C7-  763 


DYNAMICS  OF  PLASMA  PHENOMENA  IN  "PLASMA  FOCUS"  UNDER  THE  ACTION  CF  POWERFUL  LASER  RADIATION 
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P.N.  Lebedev  Physiaal  Institute,  U.S.S.R.  Aaademy  of  Sciences,  Leninsky  prospect  53,  117924  Mosoow, 
U.S.  S.R. 


A  combined  beam-laser  method  (CBLM) 
for  plasma  heating  up  to  thermonuclear 
températures  has  been  proposed  in  papers 
/1,2/.  An  installation  of  "Plasma  Pocus" 
(DPP)  type  has  been  used  as  the  relati- 
vistic  électron  beam  (REB)  source  /I/. 

1.  The  influence  of  a  powerful  laser  ra- 
diation (PLR)  on  plasma  phenomena  in  the 
DPP  at  the  magnetohydrodynamic  stage  is 
discussed  in  the  présent  paper.Experiments 
have  been  carried  out  on  the  installation 
"FLORA"  specially  designed  for  CBLM  inves- 
tigations /3/.  The  DPP  parameters  are  the 
following:  capacitor  bank  energy,  50k J; 
neutron  yield,  5.10^  n/pulse;  maximum  cur- 
rent,  800  kA.  The  Nd-glass  laser  has  the 
following  parameters:  puise  duration, 

2  nsec;  energy,  500  J.  We  have  used  the 
following  diagnostic  methods:  simulta  - 
neouB  Ru-laser  5-frame  interf erometric 
and  shadow  photography,  soft  X-ray  pin- 
-hole  caméra,  mica  convex  spectrograph, 
and  the  temporal  évolution  of  hard  X-ray 
radiation  (  E >  80  keV). 

2.  The  typical  5-frame  interf erograms, 
pin-hole  picture  and  shadowgram  obtained 
during  one  "shot"  without  PLR  are  shown 
in  Pig.  1. 
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Pig.  1. 


The  window  diaraeter  is  4  cm. 

2.  Gribkov  V.A.  et  al.  JETP  Lett.,  1977, 
V.26,  N  4,  209-214. 
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Pig.  2. 


Pig.  2  présents  R-t  diagrams  of  the  pinch 
in  the  DPP  in  respect  to  hard  X-ray  pul  - 
ses.  We  have  observed  two  compression 
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phases  of  the  DPP  with  the  time  interval 

of  100    nsec.The  minimum  pinch  radius  at 

the  moment  of  the  first  compression  is 

about  5  mm,  that  is  good  agreement  with 

the  bright  image  of  plasma  column  given 

by  the  pin-hole  pictures.  The  électron 

density  at  this  moment  is  4x1o''^cm~-^  . 

The  shadowgrams  show  a  strong  anode  (Ou) 

érosion  during  the  first  compression. 

The  second  compression  in  the  DPP  be- 

gins  with  the  pinch  catching  by  the  mag- 

netic  field  near  the  anoae  ,  resulting  in 

considérable  particles'  éjection  to  the 

vertical  direction. In  this  case  the  linear 

plasma  density  decreases  by  one  order  of 
17  -1 

magnitude  up  to  3.10    cm     ,  the  sharp 
pinch  compression  to  the  radius  1  mm  takes 
place,  and  T^  appears  to  be  in  keV  région, 
that  is  confirmed  by  the  characteristics 
of  the  line  impurities*  spectra.At  this 
stage  the  pinch  life-time  is  about  20-30 
nsec.Then,  the  pinch  is  rapidly  disrupted, 

and  the  hard  X-ray  burst  is  observed. 

4.  Veretennikov  V.A. ,  Gribkov  V.A.  et  al. 

Proc.of  IV  S.U.Confer. on  Plasma  Acce- 
lerators  and  Ion  Injectors,  1978 
Moscow,  VlîTIC,  84-85. 

5.  Vikhrev  V.V.  et  al.  "Plasma  Physics 
and  Contr.Nucl. Fusion  Res.",  IAEA,I3"^> 


Pig.  3. 


Pig.  3  shows    the  DPP  interf erogram 
after  the  action  of  PLR  focused  on  the 
anode  with  flux  of  10^^  W/cm^.  Due  to  the 
action  of  PLR  30-50  nsec  before  the  first  ' 
compression  stage  there  takes  place  the 
formation  of  the  evaporated  copper  flare 
that  moves  vertically  with  the  apeed  of 
3.  lo'^cm/sec.In  this  case  pin-hole  picture  ^ 
shows  the  luminous  "plume"  3mm  in  diaraeterj 
which  coïncides  with  the  one  on  interf e- 
rograms.The  second  compression,  is  not  ob- 
served due  to  PLR  interaction  with  DPP. One 
may  observe  the  rapid  pinch  disrupture  ac- 
companing  hard  X-ray  and  neutron  burst s  /4> 

3. Observed  pinch  catching  near  the  ano- 
de may  be  explained  by  strong  anode  ero  - 
sion,  resulting  in  plasma  conductivity 
decrease,  Conductivity  decrease  may  be 
caused  by  exitation  of  plasma  instabilities 
Thèse  processes  resuit  in  current  sheath 
perturbations  /5/,  and  are  responsible  for 
sharp  pinch  catching  near  the  anode  zone 
after  PLR  action. The  energy  of  the  observée 
Ou  streans  consisting  of  30keV  ions  does 
not  exceed  30J.Existance  of  such  thin  Cu- 
ion  stream  seems  to  indicate. the  présence 
of  magnetic  field  inside  the  pinch  of  the 
order  of  lO^G. 

In  this  way  the  performed  expérimenta 
revealed  PLR  interaction  with  DPP  to  have 
essential  influence  on  the  dynamics  of 
plasma  phenomena  in  DPP,  and  may  le ad  to 
new  possibilities  in  CLBM  expérimenta. 
Authors  would  like  to  express  deep  grati- 
tude to  Isakov  A.I.,Krokhin  O.N. ,Pilippova f 

T.I.  for  useful  diccussiona,  and  Semenov 
0. G. , Veretennikov  V. A. ,Korzhavin  V.M, ,Silii 
p.V.for  assistance  in  the  expérimenta. 
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PLASMA  TARGET  COUPLING  IN  THE  CASE  GF  TEA-CO2  LASER 
PRODUCED  BREAKDGWN  IN  FRGNT  GF  A  SOLID  TARGET 


I.  Apostol,  E.  Cojocaru,  M.  Dinescu,  V.  Drâg^nescu,  Th.  Julea,  I.  Morjan,  M.  Moldovan, 
I.N.  Mihâilescu  and  V.I.  Konov  . 


Lasers  Department,  I.F.T.A.R.,  Central  Institute 
*Physiaal  Institute  "P.N.  Lebedev",  Mosaow,  U.S. S. 

The  expérimental  results  of  highly 
absorbant  (metallic)  targets  irradiation 
by  a  focused  TEA-CO^   laser  in  air  at  at- 
mospheric  pressure,  for  incident  power  in- 
tensities,  I,  of  (10°t10^)  Vl/crn^ ,   are  re- 
ported.  Particularly ,  the  coupling  coeffi- 
cient between  the  breakdown  plasma  and 
target,  defined  as  the  ratio  of  the  ther- 
mal energy  transferred  to  the  target  to 
the  laser  energy,  was  investigated  as  a 
function  of  incident  intensity   (laser  flu- 
ence) ,  the  laser  spot  size  and  the  geome- 
try  of  the  experiment. 

As  it  is  known   [1»2]   when  incident 
laser  intensity  on  target  exceeds  not  only 
the  breakdown  threshold  intensity,  but 
equally  another  characteristic  value  -  the 
laser  threshold  intensity  for  inducing  a 
détonation  wave  -  the  breakdown  plasma  de- 
taches  from  the  target  and  the  ionisation 
front  propagates  in  a  direction  opposite 
to  that  of  the  laser  beam.  In  this  case, 
thé  plasma  dimension  along  the  laser  beam 
exceeds  considerably  its  transverse  size. 
On  the  other  hand,  at  lower  intensities 
there  is  no  détachement  from  the  target 
and  the  plasma  expands  spherically  into 
the  surrounding  gas .  In  [3]  the  momentum 
per  unit  energy,  p/E,   acting  backward  on 
the  target  was  determined  from  the  deflec- 
tion  of  a  ballistic  pendulum.  Maximum  va- 
lues of   (6t7)   and   (13t14)   dyn.   s/J  were 
obtained  corresponding  to  cylindrical  and 
spherical  plasma  expansions,   respective ly . 
Here  E  was  taken  to  be  the  laser  energy 
stored  into  the  plasma  source,  E  (1-R), 
where  E^  is  the  incident  laser  energy  and 
R  is  the  time  integrated  loss  coefficient. 
On  the  other  hand,   theoretical  estimations 
performed  in  the  same  work  predicted  values 
of  7.5  and  32  dyn. s/J  for  the  two  cases. 


of  Physias,  Bucharest,  Pomania. 
R. 

A  possible  reason  of  such  a  disagreement 
cpuld  be  the  amount  of  energy  transferred, 
during  and  after  the  laser  puise,  from 
plasma  to  the  target,  which  accordingly  al- 
ters  the  denominator  of  the  ratio  p/E.  We 
also  remark  the  important  significance  of 
this  quantity  for  the  energy  balance  of  the 
process.  Such  a  transfer  takes  place 
through  two  différent  channels: 

(a)  Absorbing  the  plasma  emitted 
light.  As  the  metals  exhibit  high  reflecti- 
vity  for  longer  wavelengths  this  mechanism 
is  efficient  only  for  times  comparable  with 
the  puise  duration  when  the  plasma  is  hot 
enough  to  présent  an  emitted  spectrum  with 
an  uv  maximum.  As  the  path  of  the  uv  radia- 
tion in  air  is  of  the  order  of  1  mm  this 
absorption  induces  only  a  small  supplemen- 
tary  expansion  of  plasma  and  ail  laser  en- 
ergy goes  into  a  spot  almost  equal  to  that 
of  the  laser  beam. 

(b)  Thermal  coupling  between  plasma 
and  target.  It  is  easy  to  prove  that  this 
process  is  developping  several  orders  of 
magnitude  more  intensely  to  the  target  di- 
rection than  in  the  opposite  one. 

This  work  is  intended  to  bring  a  deep- 
er  insight  into  the  transfer  process  mainly 
regarding  the  contribution  of  the  two 
aforementioned  compétitive  mechanisms  in 
the  case  of  10.6  ym  laser  radiation.  To 
this  aim  experiments  were  performed  using 
a  double  discharge  TEA-COj   laser  which  was 
able  to  deliver  output  énergies  of  several 
J  in  puises  of  a  typical  shape.  In  view  of 
obtaining  only  monomode  laser  émission  a 
variable  aperture  diaphragm  was  introduced 
inside  the  résonant  cavity.  Beam  splitters, 
a  pyroelectric  détecter  and  a  calorimeter 
were  used  to  monitor  the  puise  shape  and 
energy  on  each  shot,  while  plasma  plumes 
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évolution  was  recorded  usino  a  hiqh  speed 
SFR  photographie  caméra.   The  tarqets  were 
small  pièces  of  copper,  of  différent  sizes, 
rear-Uiermocoupled ,  "hich  were  carefully 
cleaned  after  every  shot.       plot  of  the 
coupling  coefficient  is  shown  in  Fig.l. 


 E/S(,3/cm2l  , 

0       A       8      12      16      20     24     28     32  36 

I  (  x106w/cm2) 

Fig . 1     The  coupling  coefficient,  ^ ,  as  a 
function  of  laser  fluence,  E/S,  and  inten- 
sity,   I.    (a)   the  focus  was  on  and  after 
the  target  with  laser  spots:   *  -  0.8. 10~^ 
cm^  ;  o  -   1 .  3.  10~^  cm^  ;  A  -  4.1«10~^cm^;  n  - 
G . 2. 10~^ cm' ;   X  -  9.C.10~^cm',  resoective- 
ly.    (b)   the  laser  spot  on  target  in  both 
cases  of  3« 10     cm'  but  the  focal  plane  be- 
fore  «,   and  after  -  o,   the  target. 

As  may  be  observed  beyond  the  break- 
dov/n  threshold  a  significant  enhancement 
of  the  coupling  coefficient  is  obtained 
followed  by  a  further  slow  decrease.  The 
value  and  the  position  of  this  maximum  dé- 
pends on  the  spot  area.   The  largest  regis- 
tered  value  of  A  was  of  0.6  corresponding 
to  a  laser  fluence  of  10  J/cm'  and  a  la- 
ser spot  of  0.8. 10~  cm'.  The  decrease  of 
the  coupling  coefficient  as  the  laser  flu- 
ence surpasses  the  breakdown  threshold  is 
a  resuit  of  releasing  a  laser  absorption 
wave  and  develops  more  slowly  for  larqer 
laser  spots  or  target. 

Such  a  behaviour  doser  agrées  with 
the  first  mechanism.   Thus ,  when  the  déto- 
nation wave  threshold  intensity  is  sur- 
passed  the  plasma  détachement  from  the 
target  displaces  the  uv  emitting  région 


further  and  further  to  the  laser  beam  di- 
rection. A  larger  part  of  the  emitted  ra- 
diation is  then  absorbed  by  the  colder 
nlasma  zones  and  only  a  small  amount  is 
reaching  the  target;   the  coupling  coeffi- 
cient is  accordinaly  falling  down.  The  re 
duction  is  slower  for  larger  laser  spot 
because  of  an  increased  contribution  in 
this'  case  of  the  second  mechanism  result- 
ing  from  a  raised  contact  surface  between 
plasma  and  target. 

We  also  put  into  évidence  that  for  a 
same  laser  spot  the  coupling  coefficient 
is  hiciher  when  the  focus  was  situated  af- 
ter the  target.  Such  a  phenomenon  may  be 
also  explained  by  the  dominance  of  the  ra 
diative  mechanism.  Thus,  when  the  focal 
plane  is  placed  before  the  target  the  hot 
est  part  of  the  plasma  is  formed  at  a  cer 
tain  distance  in  front  of  the  target  and 
great  part  of  the  emitted  uv  radiation  is 
absorbed  on  its  path  to  the  target. 

In  Fia. 2  the  laser  intensities  cor- 
responding to  maximum  values  of  A  were 


plotted  against  the  laser  spot  area. 
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Fig. 2     Incident  laser  intensity  corres- 
ponding to  maximum  values  of  the  coupling 
coefficient  as  a  function  of  the  laser 
spot  on  the  target. 


A  very  small  variation  may  be  observ 
ed  which  is  confirming  that  in  the  range 
of  incident  laser  intensity  we  studied 
both  mechanisms  have  to  be  considered  but 
the  most  important  rôle  is  to  be  due  to 
the  energy  transfer  through  uv  radiation 
emitted  by  the  plasma. 
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INTERFEROMETRIC  MEASUREMENTS  CDF  DENSITY  PROFILES  IN  LASER-TARGET  INTERACTIC3N 
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Density  profiles  of  the  plasma  created  in  the 
interaction  of  a  high  power  laser  with  a  solid  tar- 
get  give  a  better  knowledge  of  energy  absorption 
and  transport  mechanisms  in  laser  fusion  experi- 


For  the  first  time  in  this  type  of  expi 
/e  used  a  polarized  light  interf erometer  ba; 
i  Wollaston  prism  which,  by  its  relative  sii 
I  ot  alignement  problems  ,   is  ver; 


Let  us  recall  the  principle  of  this  interfe- 
rometer   (Fig.    1).  The  object   0  is  depicted  by  a 
high  resolution  lens  L  onto  the  film,  with  a  Wol- 
laston prism  W  creating  two  orthogonally  polarized 
images.   Interférence  between  thèse  two  images  is 
achieved  by  a  pair  of  polarizers  PI,    P2 ,  either 
parallel  or  orthogonal  to  each  other.   Two  images 
of  equal  intensity  and  polarization  are  produced 
in  the  image  plane  which  hence  can  interfère  in  the 
overlapping  région. 

The  two  interfering  beams  are  two  parts  of  the 
probe  beam  ;  this  requires  a  rather  good  spatial 
cohérence  in  the  illumination  field.   We  have  applied 
this  interf erometer  in  two  différent  laser  plasma 
experiments  to  study  the  corona  expansion  of  laser 
heated  microspheres .   Plasma  production  was  either 


with  a  CO^-TEA-laser  in  combination  with  a  ruby 
diagnostic  laser  (X  =  0.694  p,m)  or  with  a  Nd-glasî 
laser  in  combination  with  a  frequency  quadrupled 
beam  (X  =  0.265  |j,m)   for  interf  erometer  illuminati( 
Targets  were  microspheres  with  diameters  in  the 
range  of  40  iim  to  several  hundred  micrometers. 


In  both  experiiT 
prism  of  30  x  30  mm 
with  a  surface  flatn 


optical  ( 


ntact 


nts  the  same  Wollaston 

ss  of  X/20,  prism  halve; 
made  of  naturel  quartz,  wi' 
/as  used.  The  spatial  resoli 


INTERACTION  WITH  CO^  LASER  EXPERIMENT  (X  =  10.6  ^ 
A  CO^  laser  (4D  Joule  in  40  ps)  illuminâtes  I 
176  jim  glass  microsphere. 

Picture  2  in  an  interf erogram  showing  plasm; 
expansion  20D  ns  after  the  top  of  the  CO^  puise. 
Initial  surface    (solid  circle)   and  the  critical 
électron  density  N     =  1     ^  cm       (dashed  circle)  , 
indicated . 

The  density  profile  deduced  by  Abel  inversio 
bas  two  main     features  : 


•  First  we  c 
the  C0_  c; 


measure  density  as  h; 
cal  density  i.e.  10^' 


;  1D  times 
and  probe 


C7-  768 


the  plasma  in  the  transport  région  very  near  the 
target  surface, 

-  Moreover,  the  density  gradient  scale  length  is 
evaluated  as  37  p,ni  (between        and  n^/e)  that  is 
only  4  times  the  CO^  laser  wavelength. 

INTERACTION  WITH  NEODYMIUM  LASER  (X  =  1.06  iim) 

We  study  the  interaction  of  a  neodymiuin  laser 
beam  (5  Joules  in  a  100  ps  puise)  with  glass  micro- 
spheres  70  p,m  diameter.  The  interf erograms  and  the 
deduced  density  profiles   (Fig.   3)   show  that  sphe- 
rical  symetry  is  rather  good,  for  a  one  beam  illu- 

The  density  profile  obtained  80  ps  after  the 
top  of  the  laser  puise  has  been  measured  in  the 
range  2  x  10^^  cm""^  <  n    <  4  x  10^'^  cm"'^  and  the 
density  gradient  scale  length  is  estimated  to  be 
20  nm  in  this  région.  The  profile  is  compared  to 
a  numerical  simulation   (Fig.  3b)  done  with  a  fluid, 
2  température,  monodimensional  code  in  which  the 
heat  flux  électron  is  limited.  As  the  mechanism  of 
limitation  of  heat  flux  is  not  known,  the  limita- 
tion is  done  parametrically  with  a  factor  f  defined 
by  Q  =  Min  (xvT,  0.6  x  f  x  n^  x        x  kT^^ 

The  theoretical  curve   (t  =  150  ps,  f  =  0.05) 
is  the  best  fit  which  can  be  found.  Curves  traced 
for  f  <  0.05  also  fit  well  the  expérimental  results 
so,  we  conclude  that  the  heat  flux  is  strongly  li- 
mited producing  a  plasma  corona  strongly  expanded. 


Fig.   1   -  Schematic  représentation  of  the  polarized 
light  interf erometer. 


Fig.  2  -  Interferogram  of  a  glass  microsphere 

176  iim  diameter  illuminated  by  CO^  lastr 
(the  plain  circle  is  the  initial  sphère 
and  the  dashed  line  is  the  critical 
density)  and  deduced  density  profile. 


Fig.   3  -  70  |im  diameter  glass  micusphere  illumi- 
nated by  a  Neodymium  glass  laser, 
a  -  Interferogram  measured  at  time  t  =  160  ps, 
i.e.   80  ps  after  the  top  of  the  laser 

b  -  Expérimental  density  profile  deduced  from 
the  interferogram  (3a),  and  calculated 
profiles  for  différent  times,   for  flux 
limit  factor  f  =  0. 05  and  averaged  laser 
intensity  0=3  1 0I 3  W/cm2 . 
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XPERIMENTAL  INVESTIGATION  CF  TRANSPCDRT  IN  LASER-TARGET  IRRADIATION  EXPERIMENTS 
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The  purpose  of  this  work  is  to  study  by  expe- 
iment  the  pénétration  depth  of  the  heat  front  in  a 
olid  submitted  to  the  strong  irradiation  of  a  la- 
;er,   and  also  to  analyse  the  effect  of  the  laser 
lavelength  on  the  thermal  heat  transport. 

The   target  are  irradiated  by  the  output  beam 
if  a  Neodymiun  glass  laser  which  delivers  1 D  J  in 
00  ps  at  1,06  p,  wavelength,   and  when  frequency 
iouDled,    5  J  in  60  ps  at  0,53  p,.   The  light  inLcnsity 
:nto  the  target  are  then  2.1o''^  W/cm^   at  1,06  y,  and 
I  d'' ^  W/cm^  at  0,53  p,.  The  targets  employed  are  thin 
Films  of  polysterene  whose  thickness  can  range  from 
300  A.  to  a  few  microns.  The  diagnostics  of  thermal 
transport  were  the  following   :   transmission  of  re- 
flection  of  laser  light  by  the  target,   X  ray  émis- 
sion,  thermal  ion  velocity  in  the  front  and  the 
rear  of  the  target.  Ail  measurements  were  made  as  a 
function  of  foil  thickness.  Depending  upon  the  dia- 
gnostics,  criteria  were  choosen  for  pénétration 
depths  characterization   :  90  %  foil  and  plasma  opa- 
city,  saturation  in  plasma  reflectivity  or  in  X  ray 
émission,  change  in  the  ion  velocity  of  the  thermal 
ions  emitted  on  the  rear  side  of  the  foil.   Fig.  a 
gives  an  example  of  foil  transmission  and  reflection 
at  2.1  0^'^  W/cm^.   Fig.   b  gives  X  ray  émission  as  a 
function  of  foil  thickness.  Fig.  c  shows  the  effect 
of  laser  wavelength  on  foil  transmission.   In  order 
to  analyse  expérimental  results,  a  numerical  simu- 


lation of  the  experiment  was  made  with  a  1D  Lagran- 
gian  code,  in  planar  geometry,  and  numerical  déter- 
mination of  heat  pénétration  was  made.  The  table  I 
summarize^these  results  and  their  comparison  to  the 
experiments.  The  column  corresponds  to  the  type  of 
diagnostic  and  the  row  to  différent  expérimental 
conditions. 

As  a  resuit  it  appears  that  the  expérimental 
value  for  heat  pénétration  are  smaller  than  given 
by  the  numerical  simulation.  This  involves strong 
flux  limitation  and  even  with  a  flux  limit  factor 
of  f  =  0.05  the  computed  value   (row  a_j_  in  table  I) 
are  still  larger  than  expérimental  détermination. 
It  does  not  seen  reasonable  at  that  time  to  assume 
that  the  flux  limit  is  even  more  smaller.   One  have 
to  think  of  the  limit  of  the  validity  of  the  compa- 
rison between  a  one   ID  planar  simulation  with  the 
experiment  which  include  some  2D  aspect  on  trans- 
port.  Another  possibility  to  obtain  agreement  bet- 
ween experiment  and  simulation  will  be  to  reduce 
also  the  flux.  However  this  argument  must  be  hand- 
led  with  care.   It  is  not  the  laser  flux  which  should 
by  reduced  but  the  heat  thermal  flux  from  critical  ' 
région  toward  the  target  interior.  Expérimental  re- 
sults could  be  interpreted  by  introducing  some  ani- 
sotropy  in  heat  transport.  Assuming  for  example  a 
strong  latéral  conduction.  The  second  resuit  of  this 
experiment  is  to  show  the  more  efficient  transport 
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when  plasma  heating  is  inade  with  a  short  wavelength: 
thermal  front  pénétrâtes  dipper  in  the  target,  howe- 
ver  the  interprétation  of  this  effect  does  implies 
only  that  the  ablation  velocity  is  larger  in  the 
case  of  the  short  wavelengths.    It  appears  that  when 
comparing  experiments  and  numerical  simulation, 
even  for  the  short  wavelength,   we  must  include  a 
flux  limitation  wFiich  is  of  the  same  order  at  0,53p, 
and  1  ,06 

In  conclusion,   strong  transport  inhibition  is 
evidenced  laser  target  irradiation  experiments. 
Short  wavelength  seems  more  favorable  for  beat  pé- 
nétration in  solid  but  still  subject  to  flux  limi- 
tation problems. 

This  work  is  made  as  a  part  of  the  scientific 
program  of  Greco  Interaction  Laser  Matière. 


d     (2   a>  )   =  0,35  p,m. 


di,(Hm) 

di2(Hm) 

dx(Mf^) 

0.11 
(0.22) 
(0.32) 

0.12 
(0.22) 
(0.67) 

0.20 
(0.22) 
(0.43) 

0.11 

0.22 
(0.44) 
(0.70) 

0.17 
(046) 
(2.0) 

0.32 
(0.60) 
(1.5) 

0.15 

0.43 
(0.9) 
(1.4) 

0.30 
(0.75) 
(2.2) 

0.50 
(1.5) 
(2.0) 

Q35 

Table  I 

Summary  of  the  expérimental  results  for  the  charac- 
teristic  foil  thicknesses  d-j-,  à^^,  d^^,  d^.  dj  and 
d^  have  been  defined  in  fig.  a  and  in  fig.  c  ;  d^'[ 
and  dj^2  correspond  respectively  to  the  thicknesses 
for  which  the  velocity  of  the  fastest  of  the  ther- 
mal ions  and  of  the  peak  of  the  thermal  ions  in  the 
rear  side  of  the  foil  is  smaller  than  the  corres- 
ponding  velocity  in  the  front  side  of  the  foil. 
The  values  between  parenthesis  are  the  correspon- 
ding  results  of  the  numerical  simulations  for  two 
values  of  the  flux  limit  factor  :   line  a,  f  =  □,□5; 
line  b,   f  =  1 . 
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Propagation  of  intense  relativistic  électron 
beams  { REB)  in  air  at  low     ^  and  at  atmospheric  pres- 
sures,^ has  been  studied.     Such  propagation  dépends 
strongly  on  the  interaction  of  the  beam  with  the 
atmosphère.     We  have  studied  the  effect  of  a  high 
current  density  (5-10  kA/cm^)  pinched  REB  on  the 
atmosphère.     Beam  characteristics  such  as  radial  and 
longitudinal  beam  current  distribution  and  energy 
loss  in  the  atmosphère,  as  well  as  such  response  of 
the  atmosphère  as  the  formation  of  ionized  and  ex- 
cited  species,  were  measured  and  compared  to  cal- 
culated  values. 

50  nsec  beams  with  currents  S60  kA  and  électron 
énergies  S2.5  MeV  were  generated  using  the  NRL  VEBA 
puiser.     Beams  were  propagated  in  the  atmosphère 

«-ROGOWSKI  COIL 


with  and  without  a  current  return  screen.     Fig. 1 
shows  the  diode  configuration  in  relation  to  the 
électron  beam  propagating  without  the  current  return 
screen.     Electrical  properties  were  measured  using 
Rogowski  loops ,  with  diameter  of  14  cm,  and  a  vari- 
able-aperture  Faraday  cup   (combined  with  a  calori- 
meter)   at  positions  shown  in  Fig. 1.     Exposures  on 
thin  cellophane  films    placed  in  front  of  the  Fara- 
day cup  and  an  x-ray  pinhole  caméra  viewing  the  beam 
side-on   (Fig. 2)   correlate  with  the  radial  current 
distribution  measured  by  the  Faraday  cup.  Radiation 
output  in  the  visible  range  was  measured  with  time- 
integrated  photography   (Fig.  1)   and  spectroscopy 
(3000        \S  6000  Â)  .     Two  of  the  observed  lines 
X3371  Â  and  \3914  1  were  time-resolved  and 

time-correlated  with  the  beam  current.     No  émission 
from  oxygen  nor  any  other  species  except  and 
was  observed.     The        line  intensity,  beam  current 
and  diode  voltage  are  shown  in  Fig.   3.  Beamdeposi- 


Fig.l:     A    REB  propagating  in  the  atmosphère. 


Fig. 2:     X-ray  pinhole  photograph  of  REB  in  the  i 
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readings  of  collimated  thermo-luminescent  devices 
measuring  the  x-rays  emitted  by  the  atmosphère. 

A  typical  propagated  beam  has  maximum  parti- 
ale energy  of  2  MeV  and  an  injection  current  1^  = 
30  kA,  corresponding  to  a  Budker  parameter  v/Y  =0.3. 
At  20  cm  from  the  anode,   the  beam  current  density 
(jj^)   half-width  is  1.5  cm.     Distances  between  beam 
foci   (pinches)   observed  in  Fig. 1  and  Fig. 2  agrée 
with  calculated  values  of  the  betatron  wave  lengtb"*", 
Xo-     The  hose  instability,   associated  with  the 
magnetic  diffusion  time  -  =  =  ^        for  beam 

displacement''"  occurs  at  a  distance  of  about  30  cm 
(  ~5%  of  the  électron  range).     For  the  first~25  cm 
of  propagation,   the  beam  is  well  confined  with  a 
peak  current  density,   j^^  ~10  kA/cm^ ,  dE/dx~2  kV/cm, 
and  ~1  J/cm^  is  deposited  into  the  air: 


TIME  (nsec) 

Fig. 3:     Time  historiés  of  selected  parameters  . 

The  response  of  the  atmosphère  to  the  beam  is 
mainly  through  primary  ionization  processes  (beam 
électrons)    followed  by  thermalization  with  low 
energy  secondary  électrons.     To  follow  thèse  inter- 
actions, CHMAIR  code,  an  NRL  sea-level  air  chemistry 


code,  was  used.     The  code  indicates  that  for 
~10  kA/cm^  and  realistic  current  shapes,  secondary 
électron  densities  of  n    ~10"''^  cm  ^  are  achieved. 
Also  excited  state  populations   (N^  and  N^)  corres- 
ponding to  excitation    températures  of  ~5  eV  are 
attained  even  though  the  secondary  électron  temp- 
érature is  only~0.3  eV.     Thus ,   time  historiés  of 
the  visible  émissions   (N^  and  N^)    follow  the  current 
puise  shape   (Fig. 3)   but  are  substantially  modif ied 
by  absorption  at  the  current  peak.      (The  indicated 
source  intensity  of  ~30  W/cm"^  for  the        2P  (0-0) 
band  is  the  apparent  value  deduced  using  the  optic- 
ally  thin  approximation.)     The  gas  température  at 
the  end  of  the  current  puise  is  only  ~600K-the  de- 
posited energy  being  mostly  stored  in  molecular 
dissociation.     However,  as  the  heated  air  column 
thermalizes  and  expands  to  pressure  equilibrium,  the 
gas  température  should  approach  ~1500  K. 

The  inductive  field,  E  ,  associated  with  the 

rent  with  density        =  n^ev^.     The  upper  limit  of 

is  -3.5  kA/cm^   (i.e.  about  35%  of  j^^)  for 
~2  kV/cm  and  assuming  no  gas  breakdown.     The  net 
current,   ^  ~  ^-^  ~  ^ measured  by  the  Rogowski  coil 
at  position  1,   is  within     10-15%  of  1^^  measured  in- 
side  the  diode,   suggesting  that  I     is  not  signifi- 
cant.     Similar  measurement  at  position  2   (in  Fig-  1) 
shows  approximately  30%  lower  current  (within  the 
14  cm  diameter  coil) .     This  decrease  appears  to  be 
due  to  beam  current  loss  from  scattering,  as  evi- 
denced  by  x-ray  émission  from  the  coil  surfaces. 
Similarly  \^  and  the  identical  shai -s  of  currents 
in  the  diode,  and  at  positions  1  and  2  suggest  that 
I     is  small.     Finally,  addition  of  the  return 
screen  did  not  affect  the  net  current  measurements. 

1.  E.J.  Lauer  et  al,  Phys  Fluids  21,  1344-52  (1978) 

2.  P.E.  Boldouc  et  al,  Bull  Am  Phys  Soc,   2^,840  (78) 
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Inertial  confinement  fusion  (ICF)  schemes 
•equire  an  ion  power  density  of  lO'^^-lO"'"^  watts/cm^ 
)n  target."^    At  Sandia  Laboratories,  magnetically 
.nsulated  ion  diodes  are  being  developed  for  pos- 
sible use  as  a  source  of  a  suitable  beam  to  drive 
:CF  targets,^'^    The  ion  range  in  the  target  places 
m  upper  limit  to  the  usable  ion  energy  of  several 
leV  for  protons  and  a  few  tens  of  MeV  for  caxbon. 
ioth  proton  and  carbon  beams  are  being  generated 
ind  evaluated.    We  describe  here  sorae  of  the  diag- 
lostics  used  to  study  ion  beam  composition  and 
îrofiles  from  the  diode,  through  the  drift  section 
;o  the  target. 

The  proton  and  caxbon  fluence  and  flux  are 
aeasured  with  carbon  activation  samples  and  biased 
h  5 

;harge  collectors,  respectively.  '  In  the  acti- 
vât ion  technique,  a  portion  of  the  beam  is  inter- 
;epted  by  a  carbon  or  hydrogen  target  allowing 

:he  reaction  C"'"^(p, y)N'''^  to  occur,    The  positron 
13 

iecay  of  N      is  measured  after  irradiation  allow- 
Lng  détermination  of  the  incident  beam.  Correc- 
bions  for  the  naturally  occurring  deuterium  must 
3e  made  depending  upon  the  beam  relative  voltage 
md  current  profiles.    The  activation  technique  is 
iseful  for  proton  énergies  above  U60  keV  and  carbon 
énergies  above  6  MeV.    The  biased  charge  collectors 
ire  useful  for  measuring  proton  and  carbon  current 
îensities  for  beam  voltages  greater  than  100  keV. 
The  carbon  is  separated  from  the  proton  beam  by 
ion  time-of-flight  or  filtration  by  thin  polymer 
foils.  The  biased  charge  collectors  and  activation 


technique  are  limited  to  current  densities  of  a 
few  hundred  A/cm^.  Studies  of  beams  at  higher 
current  densities  require  flxix  screen  atténuation, 

A  time  resolved  x-ray  pinhole  caméra^  has  been 
used  to  observe  the  focused  proton  and  carbon  beam 
profiles  via  induced  atomic  excitation  and  thermal 
émission  from  targets,  respectively.    This  caméra 
used  five  pinholes  and  five  independently  gated 
CEMA  detectors  with  effective  exposure  times  of  less 
than  five  nanoseconds.    The  resulting  électron 
images  were  transported  along  a  2  kG,  pulsed  tor- 
oidal  magnetic  field,  amplified  in  a  second  CEMA 
plate,  then  accelerated  into  a  phosphor  to  produce 
visible  images.    Thèse  photon  images  were  transpor- 
ted by  a  fiber  optic  plate  directly  to  Polaroid 
film.    The  pinholes  were  covered  with  light  tight 
Windows  which  separated  the  vacua  of  the  caméra  and 
target  chamber.    The  spatial  resolution  of  the 
caméra  in  this  configuration  is  limited  by  the  pin- 
hole array,  typically  0.5  to  1  mm.    This  System  was 
successful  in  observing  the  early  time  proton- 
induced  atomic  K-line  excitation  in  an  aluminum  tar- 
get followed  by  late  time  carbon  ion  heating  of  an 
expanded  low  density  aluminum  plasma. 

Time  resolved  optical  spectral  measurements  of 
the  anode  plasma  are  used  to  détermine  its  tempéra- 
ture which  is  correlated  to  the  charge  state  of  the 
carbon  ion  accelerated.  The  spectrometer  System  is 
a  Cerny-Turner  optical  spectrograph  coupled  to  an 
image  converter  caméra.  The  optical  spectrometer 
is  capable  of  viewing  70  nm  between  225  and  700  nm 
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on  a  given  sHot.    Coupled  with  électron  density 
measiu-ements  from  a  holographie  interferometer  Sys- 
tem estimâtes  of  the  différent  carbon  ion  popula- 
tions in  the  anode  plasma  are  made.    Thèse  carbon 
ion  populations  are  compared  with  the  populations 

measured  in  the  drift  section  and  target  area  by  a 
7 

Thomson  parabolic  mas s  spectrometer  system. 

Holographie  interferometry  is  an  important 
tool  for  studying  various  phenomena  assoeiated  with 
ion  beam  génération  and  the  implosion  of  thermo- 
nuclear  targets.    The  system  in  use  at  Sandia  Lab- 
oratories employs  a  3  ns  ruby  laser  for  holographie 
exposures.    Using  beam  splitters  and  time-of-flight 
delays,  each  output  puise  from  the  laser  is  divided 
into  four  colinear  puises,  separated  in  time  by  as 
much  as  28  ns,  to  provide  interf erometric  data  at 
four  times.    For  ruby  light,  a  free  électron  density 
of  3  X  10'^'^/ cm^  will  produce  one  fringe  shift  in 
the  interf erogram.^    Interf erometric  measurements 
are  being  made  of  the  diode  plasma  formation  with 
the  hope  of  redueing  the  divergence  of  ion  beams 
through  a  better  understanding  of  the  formation 
and  spatial  development  of  anode  plasmas. 

Soft  x-ray,  vacu-um  ultraviolet  (XUV)  spectros- 
copy  has  been  used  to  détermine  the  response  of 
approximately  one  proton  range  planar  and  cylindri- 
cal  targets  to  an  intense  beam  of  hydrogen  and 
carbon  ions.^    Electron  températures  were  deduced 
from  line  intensity  ratios  from  a  carbon  ion  heated, 
optieally  thin  plasma  with  a  high  resolution, 
1200  lines/mm  grating,  one  meter  grazing  incidence 
spectrograph.    Brightness  températures  and  total 
radiated  power  from  proton  déposition  were  deter- 
mined  with  a  triplet  array  of  photoelectric  or 
x-ray  diodes  (XKDs).     This  data  was  used  in  con- 
junction  with  coupled  radiation-hydrodynamic  ealcu- 
lations  to  deduee  the  incident  ion  current  density. 
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Motivations .   Design  of  lasers  or  chemical  reactors 
based  on  an  energy  transfer  from  électrons  to  some 
gas  mixture  require  excitation  rate  and  efficiency 
data.   For  électrons  heated  by  an  electric  field, 
Boltzmann  codes    yield  the  fractional  power  over  the 
various  inelastic     processes  involvsd   [l    for  Og]  . 
Similar  results  can  be  computed  for  électrons  in- 
jected  in  a  gas  by  an  électron  gun.   The  effects  of 
beam  propagation  in  any  giyen  geometry  could  be  ta- 
ken  into  account  by  a  Monte  Carlo  simulation.  The 
published  results  [2]   are  based  on  a  continuous 
slowing-down   approximation   (C5DA),which  can  also 
be  solved  directly  with  the  single  energy  variable 
and  no  boundary  condition.   However,   the  C5DA  is  not 
appropriate  for  obtaining  the  fractional  powers 
over  low  energy  processes  [3]    .   The  présent  dis- 
crète energy-loss  method  deals  only  with  energy 
relaxation  in  a  gas  with  no  electric  field  and 
does  not  consider  any  boundary  effect  or  space 
gradient.   The  energy  space  is  divided  into  a  few 
very  différent  mesh  sizes   ( increasing  much  with 
energy)   in  order  to  avoid  a  too  long  computer  time 
resulting  from  the  use  of  a  small  constant  mesh 
size  in  energy  up  to  high  primary  énergies  [3]  . 
F ormalism.   The  électron  energy  distribution  fonc- 
tion f(u)    is  such  that  : 

f(u)  du  =  1 

where  is  the  beam  energy.   The  balance  équa- 

tion for  f (u)  according  to  classical  developments 
of  Boltzmann  équation  at  steady  state  is  : 

(2)         S(ub)/N  =i:u  f(u)Q,(u) 
k 

"    "k)f     Qk("j  ^k) 

k 

-P  upf(up)  Q'(u,ap)  dup 


Here  S  is  the  source  term,   N    is  the  gas  density, 
U^^    and  Q^^   are  respectively  the  energy  loss  and 
the  cross  section  for  the  inelastic  process    k    ,  Q' 
is  the  differential  ionization  cross  section,  Up 
is  the  energy  of  a  primary  électron,     Uj      is  the 
averaged  ionization  energy.   Attachment  and  ioniza- 
tion are  not  included  in  ^        but  are  included  in 
^  ^^     ■   Energy  transfers  via  elastic,  superelastic 
and  electron-electron  collisions  are  neglected. 

The  processes  of  interest  for  oxygen  are 
labeled  in  table  1    with  their  energy  loss.  At 
higher  energy,   the  cross  sections  are  given  by  the 
analytical  formulaeof  Watson  L  al.   [4]    .   At  lower 
energy,   a  more  récent  cross  section  set  of  Phelps 

^5]  is  used.  A  single  ionization  process  is  assu- 
med  with  the  cross  sections  of  Green  &  al.  [ô]  but, 
in  order  to  take  into  account  various  autoionization 
processes  and  ionization  to  ion  excited  states,  a 
mean  value  of  the  ionization  energy  is  entered  ;  it 
should  dépend  on  the  energy  of  the  primaries,  espe- 
cially  at  low  energy,  but  a  simple  constant  is  used. 
A  value  of      U  J  =  l9eV  is     chosen    in  order 

to  fit  the  expérimental  data   for  the  energy 
per  ion     pair  which  is  30  eV     [t] .  This  value  is  a 
little  greater  than  the  average  of  the  différent 
ionization  énergies  weighted  by  their  cross  section 
given  in  Réf.   ['4]   which  is   1  7  eV    .   The  mesh  sizes 
are  1  eV     from  D.  to  50  eV     ,   5  eV     from  50  to 
500  eV   ,   50  eV     from  500  to  5  000  eV  and  500  eV 
above.   The  calculation  is  initiated  at     U  =  U^ 
with  f(ujj)=1   and  energy  cascading  is  followed 
step  by  step  towards  lower  énergies.  Normalization 
according  to  Eq.    (1)    is  made  afterwards. 
Results.   The  code  bas  previously  been  run  with 
nitrogen  for  which  the  results  of  Suhre  &  al.  [b] 
have  been  checked.   For  oxygen,   Fig.    1    gives  the 
distribution  fonction.   Three  body  attachment  is  ne- 
glected in  the  following  results.  At  énergies  lower 
than  100  eV    ,   the  distribution  remains  practically 
independent  of  the  beam  energy.   Accordingly,  frac- 
tional power  transfer  do  not  dépend  on  beam  energy 
above  1    000  eV  .   For  comparison,    the  distribution 
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function  obtained  by  the  authors  from  their  Boltz- 
mann  code  for  électrons  heated  in  an  electric  field 
Z  such  that  E/N  =  3  X  1D~^^Vcin^  is  also  shown 
on  Fig.    1.    It  can  be  noted  that  the  beam  resulting 
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Vibration  (indirect) 
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Fig.    1    :   Distribution  function. 
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Fig.   2    :   Fractional  power  transfer  in  oxygen. 
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The  interaction  between  REB  and  solid 
target  is  one  of  the  most  important  issues 
in  REB-ICF  research  because  the  required 
REB  power,  pellet  size  and  structure  for 
break-even  is  strongly  influenced  by  the 
interaction,     We  report  here  an  évidence 
of  enhanced  coupling  between  REB  and  solid 
target , 

The  experiment  has  been  performed 
using   'Reiden  III'   REB  generator.  The 
operational  power  ievei  of  Reiden  ill  is 
500  keV,   100  kA.     The  puise  length  is  80 
ns .     The  beam  is  focused  onto  a  solid 
target  using  the  tungsten  quide  rod.  The 
focal  spot  size  is  measured  to  be  1.5  iran 
in  diameter.     The  80  %  of  the  total  diode 
current  is  concentrated  in  the  pinch 
région . 

Using  a  N2  laser,  6  ns  puise  length, 
an  interferometry  and  shadowgraphy  of  two 
channels  were  performed  to  measure  the 
density  profile  and  velocity  of  the  blow- 
off  plasma  from  the  solid  target  irradi- 
ated  by  the  REB.  Thin  foils  of  Ni,  Ta  and 
(CH2)^  were  used  as  the  target. 

In  the  case  of  Ni  foil  target  of  10 
um  in  thickness,  a  symmetric  blow-off  was 
observed  on  both  sides  of  the  target. 
This  fact  can  be  explained  by  uniform 
déposition  of  REB  energy  due  to  the  binary 


collision  in  the  target.     But  for  the 
polyethylene  target  of   100  ym  in  thickness 
symmetric  expansion  on  the  rear  and  front 
side  was  not  observed,   although  the  pt  of 
the  target  was  kept  the  same  value  with 
the  Ni  target,  where  p  was  the  mass  den- 
sity and  t  is  the  thickness  of  the  target. 
Figure  1  shows  the  resuit  of  the  inter- 
ferometry of  the  polyethylene  target. 

This   fact  indicates  the  REB  energy  is 

région  of  the  target  and  REB  électron 
cannot  penetrate  the  100  ym  thick  poly- 
ethylene.    The  same  resuit  was  obtained 
when  the  polyethylene  of  20  pm  in  thick- 
ness was  used.     In  the  case  of  high  Z 
target  as  Ni,   this  anomalous  effect  is 
suppressed. 

The  dynamic  behavior  of  the  target 
was  simulated  using  1-D  Lagrangian  code. 
The  absorption  of  the  REB  energy  to  the 
target  was  assumed  to  be  the  simple  clas- 
sical  in  high  Z  target  and  anomalous  in 
low  Z  target.     Figure  2  shows  the  resuit 
of  the  simulation  comparing  with  that  of 
the  experiment.     They  correspond  quite 
well  to  each  other. 
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5  MM 

Figure  1.     The  interf erometry  of  poly- 
ethylene  target.     The  photograph  was  taken 
at  100  nsec  after  the  puise  rise.  The 
blow-off  of  the  rear  side  did  not  observed 
in  contrast  with  that  of  the  front  side. 


Simulation 


0  100  200  NSEC 

Figure  2.     The  simulation  resuit  with 

expérimental  data  for  the  high  Z  and  low  Z 
target. 
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HEORY  OF  THE  INTERACTION  OF  DOUBLE-BEAM  WITH  PLASMA 
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I.  In  [1]  is  experimentally  shown  the 
Lstability  development  are  considerably 
:rected  by  an  injection  of  a  second  beam 

A  theoretical  investigation  of  the  do- 
)le-beam  interaction  with  plasma  is  pre- 
înted  in  this  paper  in  the  linear  and 
)nlinear  régimes. 

Tvvo  électron  beams  with  the  constant 
îlocities  Voi    and    U^^  are  assumed  to  mo- 
î  along  an  axis  of  a  cylindrical  netal- 
Lc  waveguide  filled  by  a  cold  homogene- 
iB  plasma.  The  cross  displacements  is 
jpposed  to  absent, 

II,  Suppose  that  the  radiuses  of  the 
eams  are  equal  to  the  radius  of  the  wave 
aide,  The  dispersion  équation  discribing 
he  interaction  of  two  électron  beams  in 

plasma  waveguide  in  the  quasistatic  ap- 
roachment  is   , 

here  a -the  radius  of  the  v/aveguide, 
iPi>hO,6i.ti-  the  axial  and  cross  plasma  per- 

^~  CJ^  ~  (U-fVo^)'  ((^-^IToif 

-  a  frequency,  Uf„c.}piiz-  the  plasma  éle- 
ctron frequencies  of  plasma  and  beams  re- 
ipectively,  f  -  an  axial  wave  number, 
Ij^h  -  a  gyrof requency. 

The  dispersion  équation  (li,  was  cal- 
sulated  by  the  computer  relating  on  (^cl  ) 
Ln  dependence  on  Ç=rr-  différent  va- 

Lues  of  the  parametera:  ifpi^^= — » 

En  Fig,!  are  repreaented  dependences  flej^ 
md  ^/mf'       on  the  normal  ized  frequency 
for     J>l/=i,  ^2=2,25-. 

\b  is  évident  from  Fig.1  the  beams  inte- 
ract  with  plasma  and  don't  interact  with 
each  other  in  région         f  <  0,8. 


If    ç  >  0,8  the  branch    Hef     of  an  each 
beam  is  spllitted  inty  \  vo  branches  that 
corresponds  to  the  fast  and  slow  space 
charge  waves  (f,s,c,w.,   s.s.c.w).  Im  re- , 
gion  0,9<f  <   1,6  the  branches  describing 
f.s.cw  and  s.s.c.w  of  différent  beams  are 
connected  in  one  branch,  i.e.  the  double- 
beam  interaction  takes  place. 

In  Fig.2  the  curves  of  type  curye  2 
on  Fig.1  are  plotted  for  the  folbowing 
values  parameters:     fp^      '        tpz  =''»25; 
II  -    foi   =2.75;  III  -    Tpa  =^''75- 
The  dotted  curves  described  the  amplifi- 
cation rates  in  the  spécial  case  cOp  =0 
for  the  same  parameters  ,  . 

From  the       ^mf-^         diagram  it  follows 
that  in  our  system  the  amplification  is 
described  by  the  two  curves.  The  curve  1 
has  the  same  dependence  character  on 
as  in  case  of  the  interaction  of  one  beam 
with  plasma,  The  curve  2    due  to  présen- 
ce of  a  second  beam  shows  the  amplifica- 
tion is  possible  on  the  frequencies  ex- 
ceeding  a  plasma  frequency.  Thus  the  abo- 
ve  résulte  show  that  injection  of  a  se- 
cond beam  into  plasma  greatly  changes  the 
dispersion  characteristics  of  the  plasma- 
beam  system. 

III.  Let  us  consider      u)h    =0  when  the 
slow  waves  cannot  propagate  along  the  wa- 
ve—guide in  absence  of  beams.  It  is  sup- 
posed  that    Wp^^,2«(yp        and  the  nonli- 
near  effects  in  the  system  are  only  due 
to  beams.  In  plane      Z    =0  the  beams  are 
modulated  by  a  signal  with  the  equidi- 
stant  frequencies    cû=nSl        .  The  system 
of  équations  describing  a  space  évolution 
of  the  waves  excited  by  one  beam  in  the 
plasma  waveguide  is  given  in   [2]   .  Gene- 
ralising  it  in  case  of  two  beams  we  ob- 
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%=Slto 

t  -  an  entrance  moment  of  particles  in- 
to  space  of  interaction;    Q-'^q'X.    -  the 
normalized  distance;  -  the  dimen- 

sionless  amplitude  of  current  on  the  fre- 
quency  nJl,  !„- ijlo , <^  =  l^ojl^ot 
Ul^mt^      ■'       t.-  the  amplitude  of 
current  on  the  frequency /7Ji     ;     I©-  the 
constant  component  of  current;    P„  -  the 
electron-beam-plasma  frequency  réduction 
factor  [2j  ;     /    -  the  dimensionless  am- 
plitude axial  component  of  electrical  fi- 
eld  on  the  frequency /7il; 

The  System  (2)  was  calculated  by  the 
computer  foriloo  particles  of  every  beam. 
It  was  solved  under  the  following  bounda- 
ry  conditions: 

To  demonstrate  the  influence  of  the  se 
cond  beam  on  the  space  évolution  and  spe- 
ctrum  of  the  excited  waves  the  dependence 
of  amplitude  Inv    of  the  first  beam  for 
the  différent  values  of  the  parameters 

and   oL    is  shown  in  Pig.3.  The  cal- 
culations  were  hold  for  the  case  / 
/oOpS/    )=0,01  and     fi^    =0;  =-0,1; 
-0,2;-0,3;0,2;0, 1 .  From  the  analysis  of 
thèse  curves  it  follows  that  bunching  the 
électrons  of  the  first  beam  under  the  in- 
fluence of  the  second  one  from  some  dis- 
tance takes  place  and  the  amplitude  of 
harmonies  of  the  current  Jn/  increases 
in  the  space.  The  bunching  .vill  be  more 
dense  if  the  second  beam  moves  quicker 
than  the  first  one  (See  Fig.3a,b).  The 
amplitude  I3Y      is  most,  because^^d  1 
is  the  largest  [2]  .  In  Pig.3c  is  represe 
nted  the  dependence  1^       in  cases  when 

â^^'  =0,^5  and  =0    (unbroken  cur- 

ve)  and         /3'*^=0,15,      K   =0  (dotted 
curve).  It  is  clear  that  in  the  first  ca- 
se,  the  bunching  is  going  much  quicker 
and  more  effectively  than  in  the  first 
one. 


IV.  It  is  shown  the  injection  of  a  second 
beam  results  in  the  beam  plasma  system 
becomes  instable  on  the  frequencies  exce- 
eding  the  plasma  frequency. 

Also  the  second  beam  affect  on  the  am- 
plitudes and  spectrura  of  excited  waves. 
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1,  In  *hi8  paper  the  problem  of  ex- 
citation of  rippled  plasma  reaonators  by 
a  relativistic  électron  beam  is  discussed. 
In  the  claesical  nonrelativiatic  electro- 
nicB  onl^  numerical  methoda  for  solving 
this  problem  may  be  usefull.  But  in  the 
case  of  relativistic  électron  beama  it 
may  be  solved  analitically. 

The  System  consists  of  a  hollow  re- 
lativistic électron  beam  and  rippled  plas- 
ma resonator  (see  fig.l).  The  length  of 
resonator       is  more  then  its  radius 


Pig.1.  f'I 

•  The  thiclmess  of 
beam  is  less  then  the  middle  radius  . 
The  resonator  is  fullfiled  by  cold  colli- 
sionless  plasma  with  density  ,  which 
is  more  then  the  beam  électron  density  , 
Ail  the  System  is  put  in  strong  longitu- 
dinal magnetic  field  and  the  following 
inequalities  take  place 

jl^tê2,»(Op,  ù)./f  ,  c/z  (1), 

ï'(i'ini*U/')/c'y'^^^n^   U„  ,         are  the 
longitudinal  and  tranversal  components 
respectively  of  beam  velosity  îr  . 

In  the  System  under  the  conditions 
(l)  it  can  be  excited  by  the  électron 
beams  only  electromagnetic  waves  of  E-ty- 
pe.  Therefore  below  we  investigate  the 
symmetrical  modes  of  £-waves,for  which  the 
field  eqxiations  can  be  written  in  the  form: 


The  boundary  conditions  are 


where 


L 


(3) 
C4) 


Û 


(6) 


EJ  =  ^ 

h=R(g)   Vi  -f-  K^Â-'*'  <^>'^'.*-  /  '  

Eeve  jpCt>=^'Pc-*^^^o^^^P^^°^^^°  rippl- 
ed waveguide  surface  équation.  We  also 
assume,  that  from  the  left  edge  of  the 
resonator  (^^i?  )  electromagnetic  waves 
completely  reflect,  but  from  the  right  ed- 
ge {B  =  éC  )  they  reflect  only  par.tially 
and  reflection  coefficient  is5J,y  . 

2.  The  problem  formulated  above  can 
aimply  be  solved  if  (^^/£i'%/,  «Be-  . 

low  we  give  the  solution  of  this  problem 
up  to  the  order  Kiî  iV^^^ ,  ^^K'"  •^'o*  ^"^^ 
field ^omponent       Ci^  we  can  write  down 

where''  is  a  longitudinal  wave  number, 

and  Mosf    is  Bessel-root,   X  (Wos)=  ^  • 

''^The  Broulion  harmonies  -i^satisfy 
some  requerent  relation,  from  wnich  it 
follows  dispersion  eqiiation  for  electro- 

*^  In  ^  this  équation  is  write  down  non- 
correctly  and  only  for    K  =  0  . 
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When  the  électron  beam  is  absent 
(  ^  — >  £J  )  then  from  this  équation  we 
reeeave  the  spectra  of  electromagnetic 
E-wavea  in  a  rippled  waveguide  (  /-^«=>  ). 
Theae  spectra  are  shown  in  fig.2  in  the 
région  of  periodisity  ,->*o  <     <»'^o.Proin  th 
this  figure  it  followa,that  in  the  plasma 
waveguide  there  two  types  of  E-waves:  hf 
with    ^>^W/ï.and  If  with   U)<  Ca)^.  .The 
If  waves  in  origin  are  plasma  waves  and 


of  wave- 
guide.   

There-        "Ajc  pig.2 

fore  the  excitation  of  If  waves  is  iden- 
tical  ta,  their  excitation  in  smooth  wave- 
guides.  Z2,3J 

Below  we  investigate  only  excitation 
of  hf  E-waves  in  rippled  waveguides  under 
the  condition       I    ;     Ij  ^  ' 

when  their  phase  veloeiry  is  less  XhenU/,, 
It  must  be  emphaaized,  then  in  the  rippl- 
ed waveguides  can  be  excited  by  électron 
beam  both  not  only  forward,  but  also  back- 
ward  waves.  The  group  velosity  of  back- 
ward  waves  is  antiparallel  to  their  phase 
velosity. 

It  can  be  eaaily  shown,  that  when 
U)p<.Jl,y  U„Y»  / 1^0  then  the  frequen- 

cies  and  the  growth  rate  of  k£  E-waves, 
excited  by  électron  beam, are  'fu-^ej^^S'^ 

lî(c/%f>(^^o/M,s)>(<^^^''^*)   then  only 
f  orwaM.  waves'^can  be  excited  in  the  Sys- 
tem, and  if /5t'p^#Ai')>p^Jtben  ^  system 
can  be  excited  backward  waves  also. 

3,  Non  we  can  investigate  the  rippl- 
ed resonators  shown  in  fig.1  and  their 
excitation  by  a  relativtÉtic  électron 
beam.  The  frequencies  of  foward  and  back- 
ward E-waves  excited  by  an  électron  beam 
in  the  resonaiior  as  in  the  waveguide  are 
given  by  (9).  But  for  the  growtli  rate  in 
the  case  of  resonator  we  have  [j] 


~  ~à*i:  _   (10) 

Here  Al'  the  '^^enumbers  of  E-waves  in 

the  rippled  waveguides,  carring  energy  in 
positive  .and  négative  S-  -direction  and 

Im  are  their  amplifier  coeffi- 

cients respectively. 

Prom  the  dispersion  équation  (7)  it 
can  be  shown  that  in  the  case  of  excita- 
tion of  forward  waves  in  the  rippled  reso- 

In  the  case  of  excitation  of  backward 
waves  ^ 


(11) 


Here  2^^  =  '  is  the  group 

veloaity  of  waves  in  the  absence  of 
beam  C^â"^^)      •  r 

Now  from  the  condition  -iniC*}  >o 
we  resive  the  threshold  current  of  an 
électron  beam  for  the  excitation  of  ripp- 
led plasma  resonator 

'Y  =  -à-L, 

j.,   ...  ,.9  •=. 


(13) 


In  condludfxng  we  notice, that  in  rip- 
pled wave  generators  the  sélection  of  ra- 
dial modes  can  be  reached  by  choosing  the 
injection  radius  of  beam  Zo   .  which  must 
coïncide  with  maximum  of  the  function 

Ei  (z)       for  suitable  radial  wave 
number  jl/off  • 
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[XPERIENCE  D'INTER-ACTICDN  ELECTRONS-MATIERE  A  VALDUC 
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L'utilisation  de  faisceaux  d'électrons  pour  le  confinement  inertiel  nécessite 
un  excellent  rendement  en  ce  qui  concerne  le  dépôt  d'énergie.  Notre  labo- 
ratoire a  accru  son  effort  expérimental  de  façon  à  étudier  les  mécanismes 
complexes  liés  au  dépôt  d'énergie  réalisé  à  l'aide  de  cathodes  à  pointe.  Les 
expériences  ont  été  dirigées  dans  le  sens  d'une  meilleure  compréhension 
des  effets  du  plasma  anode  cathode  sur  l'efficacité  du  chauffage  de  la  feuille. 

Ce  travail  expérimental  a  été  réalisé  avec  l'aide  de  divers  diagnostics  syn- 
chronisés en  temps.  Les  caractéristiques  de  l'accélérateur  d'électrons  sont 
500  kV.  250  kA.  2  XI. 

Les  principaux  diagnostics  utilisés  dans  ces  expériences  sont  : 

-  les  diodes  photoélectriques  X  R  D  avec  et  sans  filtre 

-  la  chambre  à  sténopé  qui  visualise  le  plasma 

-  la  caméra  rapide 

L'influence  des  différents  paramètres  sur  le  comportement  de  la  diode 
ont  été  étudiés,  à  savoir  :  l'épaisseur  de  la  feuille,  la  distance  anode 
cathode,  la  forme  de  la  cathode. 


XV 
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-  DOPPLER  VELOCIMETRY  IN  lONIZED  GASES  :  A  REVIEW  PAPER. 


G.  Gouesbet. 
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de  Rouen,  76130,  Mont  Saint  Aignan,  France. 


Abstract 

A  review  of  plasmas  velocities  measurements 
by  means  of  Laser-Doppler  velocimetry  is  presented. 
Spécifie  difficulties  are  pointed  out.  Although 
such  experiments  are  until  now  very  scarce,  there 
is  no  doubt  that  the  future  will  see  a  tretnendous 
increase  of  LDV-appl ications  to  plasmas  owing  to 
its  great  potential  . 

The  reader  is  assumed  to  be  well  aware  of  the 
LDV  gênerai  theory  and  applications.  Basic  books 
are  available  (1,  2,  3) . 

LDV-measurements  have  been  successively  made 
in  liquids  (4),  cold  gases,  then  combustion  devices. 
Plasmas  investigations  started  more  lately,  owing 
to  the  expected  aifficulties  :  high  températures 
giving  rise  to  noise  problems  due  to  plasma  and 
seeding  particles  radiations  ;  electromagnetic  sa- 
turation of  the  electronic  devices  (r.f.  torches) 
or  electrical  interférence  from  the  large  current 
supplied  to  arcs  ;  fast  evaporation  of  the  scatter 
centers,  coupled  with  difficulties  to  be  sure  that 
they  are  small  enough  to  follow  the  fluid  when  they 
reach  the  optical  probe  ;  thermophoresi s  phenome- 
non  producing  a  very  slow  rate  of  data  acquisition 
when  some  critical  zones  are  studied  ;  sensitivity 
of  the  plasma  state  to  the  présence  of  possible 
artificial  seeding  particles,  etc.  Nevertheless , 
workers  attempted  to  solve  thèse  problems  in  order 
for  instance  to  provide  a  better  understanding  of 
the  heat  and  mass  transfer  processes  between  a 
plasma  flow  and  suspended  particles,  with  emphasis 
on  plasma  chemistry. 

S. A. SELF  started  experiments  in  a  MHD  boun- 
dary  layer  (5,  6,  7)  with  additional  problems  due 
to  restricted  optical  access ,  high  velocities 
(>  500  m/s),  high  spatial  resolution  requirements , 
refractive  index  inhomogeneity ,  scatter  from  the 
wall.  On  the  other  hand,  températures  were  rather 
low  {'^  2  700  K),  and  the  fluid  was  more  a  flame 
than  strictly  speaking  a  plasma.  Furthermore  the 
detèction  used  an  optical  Fabry-Perot  System,  so 


.3.,  N°230,  Faculté  des  Sciences  et  des  Techniques 

without  heterodyning.  It  was  then  spectroscopic  mea- 
surements rather  than  classical  LDV-ones.  A  laserli- 
ne  fil  ter  is  used  (10  A  bandwidth)  to  remove  thermal 
radiation  and  ambient  light.  Experiments  have  been 
then  carried  out  with  a  différentiel -forward  scat- 
ter method  for  sidewall  measurements  (8,  9).  Pro- 
cessing was  achieved  through  a  high-speed  counter 
linked  to  an     P-2100  computer.  Mean  velocities, 
turbulence  intensities  and  spectrum  of  velocity 
fluctuations  have  been  measured. 

M.R.BARRAULT  et  al  reported  about  LDV- 
experiments  in  a  transient  (12  ms)  arc  ciVcuit  brea- 
ker(lO).  Spécifie  problems  arose  plus  the  extra  pro- 
blems of  transient  nature  of  the  arc,  high  veloci- 
ties (up  to  3  000  ms'')  and  drastic  seeding  pro- 
blems. The  real  fringe  mode  optical  set-up  was  used 
and  forward  scattering  from  an  Ar"^,  1.5  W,  laser. 
The  parasitic  radiation  was  removed  with  à  10  A 
interférence  filter  and  associated  polariser,  plus 
a  Fabry-Perot  filter  of  0.5  A  bandwidth.  Signal 
processing  was  achieved  through  an  oscillographic 
raster  display.  Then  improvements  were  made  in  or- 
der to  cover  the  entire  arcing  period  (11).  But 
problems  of  interprétation  remained  due  to  the  un- 
known  size  of  scatter  centers  whic.h  did  not  always 
follow  the  fluid.  An  approximate  corrélation  was 
used  between  signal  frequencies  (particle  veloci- 
ties) and  signal  amplitudes  (particle  sizes)  in 
order  to  deduce  the  plasma  velocity  from  the  parti- 
cle one.  Such  a  corrélation  is  not  very  reliable  : 
as  a  matter  of  fact,  big  particles  passing  through 
the  edges  of  the  control  volume  give  rise  to  the 
same  signal  amplitudes  than  small  ones  passing 
through  its  center.    ffectively,  the  authors  consi^ 
der  that  the  accuracy  is  not  better  than  about  40  %. 
Then,  IRIE  and  BARRAULT  carried  out  measurements 
using  the  Doppler  shift  of  a  Q-switched  ruby  laser 
radiation  without  foreign  éléments.  Again,  there 
was  no  hétérodyne  détection,  so  that  it  was  spec- 
troscopy  measurements  rather  than  LDV  ones  (12). 

GOUESBET  reported  LDV-mean  velocities  mea- 
surements in  a  4  MHz,  rf  torch,  by  means  of  a  5  mW 
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He-Ne  forward  real  fringe  System  with  oscillogra- 
phic  display  oF  the  signais  (13,  14).  But  the  exact 
fluid  velocity  was  not  measured  due  to  the  too  lar- 
ge sizes  of  the  used  partiales ,  although  the  disa- 
greement  was  further  found  to  be  less  than  typical- 
ly  20  %.  Further  experiments  were  carried  out  with 
a  more  powerful  laser  (Krypton,  800  mW  on  the  647,1 
nm  line)  and  an  automatic  data  acquisition  and  pro- 
cessing  System  using  a  single  counter  (15,  16,  17, 
18).  The  parasitic  emitted  light  was  removed  by 
means  of  a  monochromator  (2  A  bandwidth).  Seeding 
was  achieved  by  means  of  a  counter-current  System 
supplying  the  plasma  in  '^'  5  pm.  Al  203-particles , 
at  a  rate  sufficiently  small  for  not  disturbing  the 
flow.  The  beam  was  expanded  before  focusing  to  im- 
prove  the  S/H  ratio  and  the  spatial  resolution,  The 
spatial  resolution  was  again  increased  by  collec- 
ting  the  scattered  light  off-axis.  The  effect  of 
the  parasitic  rf  radiation  was  decreased  by  means 
of  a  Faraday  cage  and  filtering  the  signal  through 
rejectors.  Mean  velocities  and  'fluctuations'  have 
been  successfully  carried  out.  Furthermore,  the 
atom  températures  were  measured  by  coupling  LDV- 
and  dynamic  pressures  measurements . 

Mme  THI  HIEN  HO  attempted  measurements  in 
a  4  MHz  rf  torch  with  a  5  mW  He-Ne  laser,  using  a 
real  fringe  mode  set-up  (19).  Processing  was  achie- 
ved through  a  frequency  tracker  and  a  frequency 
analyser.  Measurements  were  not  really  successful  . 
It  is  suggested  that  a  frequency  tracker  could  be 
difficult  to  work  properly  owing  to  the  small  rate 
of  particles  arrivai.  The  frequency  analyser  proba- 
bly  picked  up  the  radio  frequency  of  the  plasma 
generator.  Furthermore,  GOUESBET's  experiments 
showed  that  a  5  mW  power  is  too  critical  for  'com- 
fortable'  measurements  in  such  a  situation.  The 
photon  corrélation  technique  could  be  possibly  suc- 
cessfully used. 

LDV-measurements  are  reported  from  the  Im- 
périal Collège  (London)  in  a  DC  transferred  arc 
heater  at  the  National  Physical  Laboratory  (20,21). 
Real  fringe  Systems  were  tested  in  forward  and 
backward  scatterings.  A  spectrum  analyser,  a  fre- 
quency tracker  and  a  frequency  counter  have  been 
tested.  The  seeding  particles  were  Nickel  ('vSOpm) 
and  alumina  ones       1  ym).  Velocity  histograms 
were  recorded.  Alumina  particles  exhibit  much 
higher  velocities  than  nickel  ones,  as  it  could  be 
expected  from  drag  arguments. 


The  author  is  aware  of  experiments  carried  out 
in  Limoges  but  no  report  has  been  received  at  time 
to  discuss  about  them.  Let  us  also  mention  Tiller's 
paper  (22).  Final ly,  preliminary  plasma  experiments 
have  been  made  at  the  OÎJERA  in  1  975.  A  plasma  work 
is  actually  now  planned  (Soutier,  ONERA,  Châtillon/ 
Bâgneux) . 

CONCLUSION 

The  previous  reported  experiments  show  that 
LDV  can  be  successfully  used  for  plasma  diagnostics. 
The  difficulties  remain  important,  but  there  is  now 
no  doubt  that  such  techniques  will  become  a  very 
popular  tool  for  such  experiments  owing  to  the  tre- 
mendous  versatility  and  potential  of  LDV-systems. 
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lEASUREMENT  OF  H"  DENSITY  IN  A  PLASMA  BY  PHOTODETACHMENT 
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Improved  techniques  for  measuring  the  density 
of  H~  or  D~  in  a  plasma  are  required  because  of 
certain  limitations  of  the  techniques  of  Langmuir 
probes  and  mass  analysis^  Interprétation  of  probe 
data  requires  an  assumption  of  the  mass  of  posi- 
tive ions  and  are  restricted  in  usefulness  by  the 
Debye  distance.  Mass  spectra  measured  by  ion  mass 
analyzers  tend  to  be  useful  only  for  relative  mea- 
surements  unless  calibration  techniques  are  inclu- 
ded  to  détermine  absolute  ion  densities.  The  re- 
quirement  for  reliable  measurements  of  H    and  D 
is  based  upon  the  need  for  development  of  D  ion 
sources  suitable  for  neutral  injection  into 
controlled  fusion  devices. 

Photodetachement  has  previously  been  used  to 
measure  négative  ion  densities  in  oxygen  plasmas  . 
Photodetachement  consists  of  the  detachment  of  the 
extra  électron  of  a  négative  ion  by  a  photon  (H  + 
photon  — »  H  +  e).  Therefore  photodetachement  in  a 
plasma  produces  an  increase  in  électron  density, 
which  can  be  measured  by  probes  or  microwaves  de- 
pending  upon  the  geomerey.  The  photon  energy  should 
be  selected  such  that  it  is  lower  than  the  thres- 
hold  energy  of  other  photon  interactions  such  as 
photoionization,  photoexcitation,  photoemission  or 
photodetachment  of  other  species.  The  light  from  a 
ruby  laser  (1.8  eV  photon  energy)  is  suitable  for 
this  purpose.  The  photodetachment  cross-section  for 
H~  (4  X  10"''^^  cm^)  is  near  its  maximum  at  this 
photon  energy^.  We  used  a  ruby  laser  capable  of  a 
1  .1  puise  in  a  time  about  30  ns. 

To  assure  that  the  photodetachement  signal  is 
proportional  to  the  density  of  H'  and  not  of  other 
négative  ions  such  as  OH",  O" ,  or  O2  (for  which 
the  cross-sections  are  one  or  two  orders  of  magni- 
tude lower)  we  have  magnetically  analyzed  the  néga- 


tive ions  extracted  from  the  plasma  and  also  have 
verified  (Figure  1)  that  our  measurements  agrée  with 
the  theoretical  photodetachement  fraction  computed 
from  the  cross  section  for  the  photodetachment  of  H  , 
but  not  with  that  for  other  ions  : 

photodetachment  fraction  =  An_/n_ 

=  1  -  exp  (-  laser  puise  energy/area  x  (f/hV  )  (1) 

The  test  of  Figure  1  should  be  repeated  whenever  the 
expérimental  conditions  change  to  authenticate  the 
measurements. 

Figure  1  shows  that  the  photodetachment  frac- 
tion An  /n_  is  essentially  100  %  if  the  laser  puise 
energy  is  more  than  0.1  J.  Under  this  condition  we 
can  détermine  the  relative  density  of  H~  from  the 
change  in  the  probe  électron  current  density  : 

n  /n  =  An  /n  =  Aj  ^  /j  .  .  (2) 
"_' "e  e    e         -^probe  -^probe  de 

We  found  some  large  noise  signais  when  the  la- 
ser energy  is  higher  than  0.2  J  ;  we  observed  an 
increase  of  thèse  noise  signais  when  the  laser  light 
hits  a  surface  situated  close  to  the  probe  (e.g.  the 
stainless  steel  wall  of  a  multipole).  The  noise  si- 
gnais at  high  laser  power  density  (2  to  10  MW/cm  ) 
may  be  due  to  the  interaction  of  laser  light  with 
solid  surfaces  or  to  the  onset  of  multiphoton  ef- 
fects  or  free-free  électron  interactions.  This  pro- 
blem  can  be  avoided  by  monitoring  the  laser  puise 
energy  and  using  the  data  only  for  puises  within  the 
range  from  0.1  to  0.2  J. 

We  explored  the  photodetachment  signal  spa- 
tially  by  moving  the  probe  in  two  dimensions.  We 
found  no  measurable  signal  when  the  probe  was  com- 
pletely  out  of  the  laser  beam.  The  signal  was  appro- 
ximately  constant  when  the  probe  war,  moved  alonq  the 
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beam.  Therefore  when  we  compute  the  ratio  of  probe 
current  densities  in  Eq.  (2)  we  consider  that  only 
the  section  of  the  probe  immersed  in  the  laser  beam 
is  effective  for  photodetachment . 


Permanent  address  :  Lawrence  Livermore  Labora- 
tory,  Livermore,  California,  U.S.A. 
Groupe  de  Recherche  N°  29  du  Centre  National  de 
la  Recherche  Scientifique. 


F igure  2  shows  the  expérimental  apparatus  sche- 
matically.  The  plasma  was  produced  in  a  hydrogen 
atmosphère  of  10      Torr  by  thermionic  électrons 
emitted  by  a  cathode  at  a  négative  potential  of  60 
to  120  U.  Densities  of  plasma  and  of  gas  were  con- 
trolled  by  adjustment  of  the  thermionic  émission  and 
of  the  gas  feed.  Light  puises  from  a  ruby  laser  were 
injected  via  a  reflecting  prism  and  a  2  cm  diameter 
glass  window,  and  were  monitored  by  a  photomulti- 
plier  through  a  partially  reflecting  mirror.  The 
light  monitor  was  calibrated  versus  injected  laser 
energy  using  a  calorimeter  within  the  vacuum  chamber. 

Two  types  of  cylindrical  tungsten  probes  were 

used  to  measure  the  densities  of  électron  and  ions. 

For  absolute  measurements  of  n    and  of  n    it  is 
e  + 

necessary  to  measure  the  complète  probe  characte- 
ristic  and  to  analyze  it  either  by  the  Langmuir 
theory  (if  the  probe  radius  is  less  than  3  Debye 
distances)  or  by  a  theory  for  larger  probes.  On  the 
other  hand,  for  measurements  of  changes  in  n^  and 
n    it  is  sufficient  to  use  large-area  probes  of 
which  the  radius  may  be  more  than  the  Debye  dis- 
tance, so  the  probe  would  be  self-supporting  and 
so  the  pulsed  probe  currents  would  be  easier  to 
measure.  The  self  supporting  probe  did  not  require 
the  exposure  of  a  supporting  insulator  to  laser  r— 
light.  The  best  probe  geometry  is  such  that  the 
probe  axis  is  parallel  to  the  laser  beam,  and  the  1— 
probe  area  within  the  laser  beam  is  larger  than  the 
probe  area  outside  the  laser  beam. 

The  measurements  by  the  technique  described 
were  reproducible  and  independent  of  the  probe  dia- 
meter, showing  n    increasing  in  proportion  to  n 
in  the  range  of  n    between  10^  and  2  x  10"^°  cm"^. 

This  Project  was  performed  at  Ecole  Polytech- 
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Atomique  and  the  U.S.  Department  of  Energy. 
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Figure  1  :  Photodetachment  of  several  négative  ion 
species  by  ruby  laser  light  as  a  function  of  laser 
puise  energy,  according  to  theory  of  équation  (1). 
Expérimental  data  points  are_superimposed  upon  the 
theory  of  équation  (1)  for  H  ,  where  (T/hi)  =  139 
cm2/J  and  the  area  of  the  laser  beam  is  3  cm^. 
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Figure  2  :  Equipment  diagram 
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Introduction 

A  shot-by-shot  acquisition  of  data  by  means 
of  Thomson  scattering  to  establish  the  pro- 
files of  the  density  and  the  température  of 
a  plasma  is  laborious  and  forces  the  in- 
vestigator  to  rely  on  the  reproducibility 
of  the  discharge.  The  study  of  non-station- 
ary  phases  during  the  life-time  of  the 
plasma  may  prove  to  be  too  difficult  and 
certain  topics  might  receive  less  attention 
than  they  deserve.  A  simultaneous  recording 
of  the  local  n^  and        at  many  positions  is 
therefore  désirable.  Thonson-scattered  light 
is  available  from  the  full  length  of  the 
laser  beam  passing  along  a  chord  through  the 
plasma  column.  This  information  can  be  sub- 
divided  into  a  number  of  éléments  to  attain 
a  spatial  resolution  in  one  dimension  and, 
by  shifting  the  laser  position,  the  total 
cross-section  of  the  plasma  can  be  scanned. 
Due  to  the  large  amount  of  data  to  be  col- 
lected,  highly  sensitive  multichannel  vid- 
icon  tubes  have  been  preferred  (see  likewise 
/!/)   to  an  extensive  System  of  photomulti- 
pliers.  The  diagnostic  method  to  be  dis- 
cussed  here,  has  been  developed  foramedium- 
sized  toroidal  plasma  apparatus ,  called 
SPICA,   and  first  results  are  shown. 
Plasma  device 

SPICA  /2/  is  a  toroidal  screw-pinch  device 

for  the  study  of  equilibrium  and  stability 

properties  of  a  high-beta  plasma  surrounded 

by  force-free  currents.  Main  parameters: 

torus  major  radius:  0.60  m;  minor  radius: 

0.20  m;  T    =  2C  -  100  eV;  n^  =  102i-  10^2  rn"3; 

e  s 
diameter  of  the  column:  0.05-  0.15  m;  time- 

scales:   1  -  100  ps. 


Diagnostic  device 

A  Q-switched  ruby  laser  oscillator/amplifier 
System  producing  a  power  of  200  MW  within 
15  ns  is  employed  for  the  90°-scattering  ex- 
periment.  For  observation  of  the  Thomson- 
scattered  light,  a  commercial  optical  multi- 
channel analyzer  is  used,  consisting  of  a 
vidicon  caméra  tube   (ISIT)  with  scanning 
electronics,  analog-to-digital  conversion 
and  data  storage.  The  sélection  of  spectral 
and  spatial  éléments  and  the  data  handling 
is  performed  in  the  way  shown  in  Fig .  1: 


Fig.  1. 

The  SPICA  détection  system;  for  explanation 
of  symbols,  see  text. 
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The  laser  beam   (B)   passes  through  the  dis- 
charge tube    (T) ,  containing  the  plasma.  A 
150  mm  long  section  of  the  laser  beam  is 
imaged  by  lens  Lj^    (35mm,   f/1.4)  through 
window  Vj^  onto  a  fibre-optic  image  guide,  F . 
The  latter  consists  of  a  linear  array  of  300 
fibres  and  receives  an  image  of  25x0.065  mm^  . 
The  exit  face  of  the  12  m  long  bundle  forms 
the  entrance  slit  of  a  spectrometer  con- 
taining a  collimator  lens  L2    (100  mm,   f/2) , 
transmission  gratingG(300  ll/rm,   50x50  mm^) 
and  prism  P  to  obtain  a  non-deviating  Sys- 
tem. The  condenser  lens         (50  mm,  f/0.95) 
focusses  the  spectral  image  on  the  ISIT 
detector  tube.  The  image  is  scanned  in 
successive  tracks  of  500  channels  each 
(2D  mode);  the  signal  per  channel  is  inte- 
grated  and  digitized.  To  reduce  the  amount 
of  primary  data,  an  accumulation  register 
has  been  added  to  the  System  which  provides 
the  storage  of  a  number  of  spectra  with  a 
reduced  spectral  resolution. 

Figuie   2  shows  an  exaiuple  of  uL)t.er\/eù  sptu- 
tra.  The  values  of  the  température  and  the 
density  for  an  individual  track  are  finally 
determined  by  fitting  a  gaussian  curve  to 
the  measured  points . 


The  transmission  factor  of  the  détection 
optics  between  plasma  and  detector  amounts 
to  only  a  few  percent.  This  is  mainly  due 
to  the  long  fibre  connection  and  the  com- 
plicated  lens  assemblies.  The  détection 
limit  is  on  the  order  of        =  5xlo20  m'^; 
this  density  produces  a  signal  of  about 
250  counts  per  track,  collected  typically 
from  a  scattering  volume  élément  which  has 
the  length  of  14  mm,  and  a  diameter  deter- 
mined by  the  beam  width  of  1  mm. 
Conclusion 

Single  shot  profile  measurements  of  the 
plasma  density  and  température  have  been 
performed  by  means  of  an  optical  multichan- 
nel  vidicon  analyzer.  Care  was  taken  to  at- 
tain  a  suitable  processing  of  a  large  num- 
ber of  data. 
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Fig.  2. 

Example  of  observed  Thomson-scattering 
spectra  taken  from  différent  radii. 
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Fapers  published  by  Puric  et  al./l,2/ 
and  recently  by  A.Ilazure  and  G.IJollez  /3/ 
have  initiated  interest  to  find  possible 
regularities  in  Stark  broadening  and  shift 
parameters  of  résonance  lines  of  différent 
groaps  of  éléments.   In  the  papers  /1,2/  re- 
gularities of  Stark  widths  of  the  résonance 
lines  of  alkali-metals  and  alkali-metals 
and  alkali-like  atoms  and  ions  have  been 
reported  and  discussed.   In  the  recently 
published  paper/3/  the  linear  dependence 
of  Stark  widths  and  shifts  of  neutral  ré- 
sonance lines  of  alkali-metals  on  atomic 
parameter    jx]^/^  and   |x|^/^  signX  respecti- 
vely,  has  pointed  out,  where  X  is  atomic 
polar isability. 

In  this  paper  the  existence  of  certain 
regularities  in  Stark  widths  and  shifts  va- 
lues of  résonance  lines  of  neutral  atoms 
from  He  to  Ca  available  in  literature  have 
been  presented  and  discussed.  Namely,  it 
has  been  found  that  the  linear  dependence 
of  w  and  d  values  on  |x|^/^  for  ail  réso- 
nance spectral  lines  of  neutral  atoms  from 
He  to  Ca  exists.  Also,   the  periodical  de- 
pendence of  w  and  d  values  on  atomic  num- 
ber  Z  has  been  noticed  and  discussed. 

In  Fig.   1  a  plot  of  theoretical/4/ 
widths    (a)   and  shifts    (b) ,  and  ionization 
potentials  I  against  the  corresponding  nu- 
clear  charge  number  Z  is  given  for  neutral 
atom  lines  from  He  to  Ca.  The  widths  and 
shifts  have  been  plotted  for  four  électron 
températures  and  électron  density  N=10''"^ 
cm  ^.  Analysing  this  figure  one  can  conclu- 
de  that  a  periodical  behaviour  of  stark 


widths  and  shifts  values  along  the  periodic 
System  of  éléments,  similar  to  the  periodi- 
cal dependence  of  ionization  potential  of 


:lear  charge  number  Z,   is  obvious. 
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Furthermore,  one  can  see  that  Stark  widths 
and  shifts  curves  have  maxima  for  the  élé- 
ments with  the  lowest  ionization  potential. 
The  minima  correspond  to  éléments  with  the 
highest  ionization  potential.  This  can  be 
expected  due  to  the  fact  that  the  energy 
gap  between  the  nearest  perturbing  level 
and  upper  level  of  the  corresponding  réso- 
nance line  is  proportional  to  ionization 
potential  of  the  emitter. 


Fig.Za. 
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In  Fig.   2,  a  and  b,  an  example  of  li- 
near  dependence  of  w  and  d  theoretical  /4/ 
values  on   |x|^/-^  and   Ix]^'^^  signX  respecti- 
vely,  are  presented  for  N  =  10"^^  cm  ^  and 
T  =  2.10^  K.   It  has  been  found  that  the 
slope  of  linear  trend  is  différent  for  ré- 
sonances originating  from  two  types  of 
transitions:   ns-n'p  and  np-n's.  Namely, 
there  is  one  slope  for  He,   Li,  Be,  Na  and 
Mg  lines   (ns-n'p  transition)  and  the  other 


for  B,  C,  N,  O,  Ne,  Al,  Si,  S,  Cl  and  A  li- 
nes   (np-n's  transition). 

Theoretical  and  expérimental  w  and  d 
values  are  presented  in  Fig.   2.   for  the 
sake  of  comparison,  but  unf ortunately , they 
are  for  différent  températures.  Regardeles 
of  that,   expérimental  data  follow  the  li- 
near trends  within  the  estimated  errors 
(+20%) . 

Analysing  results  presented  in  figures 
1.  and  2.  one  can  draw  following  conclu- 
sions : 

a)  Periodical  dependence  of  Stark  width 
and  shift  values  of  résonance  spectral  li- 
nes on  nuclear  charge  number  Z  is  universal 
and  fundamental  similar  to  the  periodical 
dependence  of  ionization  potential  on  Z. 

b)  As  it  seems  that  the  iinear  depenaen- 
ce  of  w  and  d  values  on   |x|^^"^  and  lx|^^^ 
signX  respectively ,   is  valid,   it  may  be 
used,   firstly,   to  estimate  the  Stark  widths 
and  shifts  of  heavier  éléments  lines  not 
available  so  far,  and  secondly,  as  a  crite- 
rion  for  validity  of  experimentally  obtai- 
ned  data. 
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Introduction:  Collective  scattering  of  CO^-laser 
radiation  is  an  important  diagnostic  for  the  study 
of  turbulence  in  plasmas.  This  diagnostic  has 
obtained  a  lot  of  interest  during  the  past  few 
years.  Most  of  the  studies  so  far  refer  to: 
a)  détection  of  externally  excited  single 
frequency  waves 


pla! 


))   scattering  in  high  density 
21  -3 

(électron  density  n  ^10      m     ) ,  or  c) 


experiments  with  high  power   (pulsed  or  c.w.)  CO^- 
lasers  [1,2,3,4].  We  présent  as  far  as  we  know  for 
the  first  time  collective  scattering  measurements 
of  spontaneously  excited  turbulence  in  a  médium 
density  plasma  with  a  low  power  c.w.   2  W  CO^- 
laser. 

Collective  scattering     refers  to  plasma  scattering 
of  electromagnetic  radiation  for  which  the  so- 
called  scattering  parameter  a=(kXj^)     >1.  Here  k= 
|k|=|k  -k , I ,  wherek     and  k.   are  the  wavenumbers  of 
scattered  and  incident  radia  .ion  respectively ;  \^ 
is  the  Debye  length.   It  is  possible  to  obtain 
information  about  the  électron  density  fluctuations 
for  various  wavenumbers  k  and  angular  frequencies 
eu.  Here  io=(i3  -ai.  ,  where  ai     and  oo.   are  the  angular 
frequencies  of  the  scattered  and  incident  radiation 
respectively.  The  scattered  power  P     is  proport- 
ional  to  n  S  (k  -k.  ,a>  -oj.),  where  S(k,u))   is  the 
spectral  density  function,  which  represents  the 
électron  density  fluctuations  [5].  Mostly  optical 
homodyne  or  hétérodyne  détection  is  used. 


The  (k ,0)) -window  can  be  varied  by  changing  the 
scattering  angle  6, which  is  proportional  to  k  for 
small  e ,  and  by  changing  the  angular  frequency 
of  a  variable  bandpass  filter  after  the  optical 
mixer.  For  homodyne  détection  one  gets  a)^=|u)|,  so 
that  the  spectrum  after  the  optical  mixing  is  a 
direct  measure  of  the  fluctuation  spectrum  of  the 


plasma. 

Expérimental  equipment:  The  low 
laser  is  focussed  in  the  plasma 
diameter  of  2  mm  (s 
created  in  a  statio 
low  pressure   (10  ^ 
discharge.  The  plas 


powe 


CO^- 


figurs 


to  a  spot  with  a 
The  plasma  is 
driven   (10-300  A) , 
:)  hollow  cathode  arc 
ls  cylindrical   (radius  10  mm, 
length  0-2.5  m),  magnetically  confined   (0-0.5  T) 
and  highly  ionized.  Typical  values  of  the  plasma 
parameters  are:  électron  density  10^^-10^*^  m  ' 
électron  température  3-4  eV,  ion  température  1-2 
eV,  neutral  density  10^^-10^^  m  ^,  ion  plasma 
frequency  200  MHz  and  Debye  length  1.5  ym.  A 
fraction  of  the  incident  laser  beam  is  used  as 
local  oscillator  (10  mW) .  The  radiation  scattered 
with  angle  9  is  the  signal  beam,  which  is  chopped 
for  phase  sensitive  détection.  Both  beams  are 
combined  via  a  beam  splitter  and  focussed  on  a 
liquid  hélium  cooled  Ge:Cu  détecter   (1  mm^ ,  current 
1  mA) .  The  détecter  is  coupled  via  a  source  follower 
(600  Çl-50  Q)   and  a  high  pass  frequency  filter 
(1  MHz)   to  broad-band  low  noise  amplifiers  (0-500 
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MHz,  gain  40  dB) .  Home-made  band  pass  filters 
(center  frequency         1-50  MHz,  bandwidth  0.1-0.3  of 
v^,  24  dB/octave)   are  used  for  spectral  analysis. 
We  can  vary  the  scattering  angle  9  f rom  1°  to  7° 
(0.02<kA^<0. 1) .  We  emphasised  optimization  of  the 
signal  to  noise  ratio  and  détermination  of  the 
absolute  sensitivity  of  the  diagnostic  as  a  whole . 
Both  are  crucial  points.   In  optical  mixing 
experiments  it  is  the  ambition  to  keep  the  shot 
noise  of  the  local  oscillator  dominant  with  respect 
to  other  noise  sources.  We  realized  this  by  the  use 
of  an  impédance  transformer  and  ultra  low  noise 
active  components;   In  this  way  also  the  local 
oscillator  power  is  kept  at  a  low  level.  Ihe 
absolute  sensitivity  was  determined  by  performing 
cohérent  and  incohérent  measurements  with  a  black 
body  and  scattering  from  high  level  acoustic  waves 
in  1  atm.  argon.  We  are  able  to  detect  a  scattered 
signal  close  to  the  quantum  limit. 

Expérimental  results:  We  used  two  scattering 
geometries:  k//B  and  klB.  We  found  that  for  ail 
plasma  conditions  considered  the  fluctuation  level 
with  k//B  was  close  to  thermal.  As  in  this  case 
the  signais  are  very  small  we  merely  measured  the 
total  contents  of  the  spectra.  However,  preliminary 
measurements  indicate  a  maximum  at  the  frequency- 
equivalent  of  the  ion  acoustic  velocity.  For  kJ.B 
we  found  fluctuation  levels  which  could  reach  3 
orders  of  magnitude  above  thermal.   In  fig.  2  we 
show  for  a  spécifie  plasma  condition  S(k,u)  for 
6=2° for  various  radial  positions  in  the  plasma,  in 
fig.  3  we  show  S(k,a))  as  functions  of  k^^  and  o)  for 
a  spécifie  plasma  condition  for  the  center  of  the 
plasma.  The  dispersion  indicates  the  présence  of 
ion  acoustic-like  waves. 

Discussion:  One  of  the  most    évident  resuit  is  the 
strong  anisotropy  in  k-space,  which  indicates  also 
the  large  selectivity  in  k-space  of  the  collective 
scattering  method.  For  k//B  the  level  is  close  to 
thermal;   for  kJ-B    the  level  is  highly  non-thermal. 
This  was  contrary  to  our  expectations  for  a  plasma 
with  the  électron  drift  below  but  close  to  the 
critical  drift  for  exciiation  of  longitudinal  ion 
acoustic  waves.  Perpendicularly  propagating  dist- 
urbances  are  prefered,  moving  with  ion  acoustic 
phase velocities,  with  an  accumulation  at  long 
wavelengths.    The  freauencv  domain  we  studied  so 
far  is  far  above  the  ion  cyclotron  frequencies. 
We  note,  that  the  measurements  with  low  frequency 


optical  probing  indicate  also  a  strong  anisotropy 
in  k-space  and  mainly  perpendicularly  propagating 
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Abstract  t  We  consider  the  numerical  me- 
thods  for  inverse  problems  in  active  dia- 
gnostics of  axisymmetric      plasma  under 
conditions  of  strong    refraction    and  ab- 
sorption. Thèse  methods  are  used  to  eva- 
luate  the  profiles  of  électron    density , 
température,     absorption    coefficient  and 
effective    collision  frequency    in    Ar  arc 
discharge.  Results  of  active  and  passive 
diagnostics  in  submillimeter  range  demon- 
strate  the  applicability    of  equilibrium 
model  to  the  investigated  object. 
Introduction  ;  Modulus  and  phase  of  short 
wavelength    probing    beam    are  connected 
with  plasma  and  diagnostic  system  parame- 
ters  by  convolution  équation  [1  ]  : 

where    ^    is      impact    parameter  of  beam, 
\Xl5)|e'''*^^^  is  the  apparatus    function  of 
the  interferometer  and  is  "the  modu- 

lation function  of  phase  screen  équiva- 
lent to  plasma  cylinder.  In  gênerai  case 
function  <^(^)  is  complex:  #(^)rRe#(j)^-îIm^/i() 
Here  R€§*(^]is  the  phase  shift  along  the  ray 
trajectory  l  with  impact  parameter  ^  : 

R.I>(^)  =  JU«ciP--2KÎ^^\  (2) 
where  £.(r)rfl€Ei- ilme  ((llee|»Tm£  )  is  a  com- 
plex  permittivity,  t{r)- l- and 
r- ë«^^p^E(WJ  .  The  function  defines 
the  intégral  absorption  coefficient  along 
the  ray  path:         ««.,  ^  „^ 

where  ImÉ.îiQf€)«J'pr-2f(É)]/ri+^^'^^^^      and  oC 
is  a  local  absorption  coefficient  : 

If  the  beam  width  is  small  compared 

to  the  plasma  diameter  2ct  then  Kii^-^Si^) , 
Y(p)-*Ré'^(j))  and  ^(^) -*e^0rry^]. 


Abel  Inversion  :  For  axisymmetric  plasma 
one  can  obtain  from  Abel-type  équations 
(2)  and  (3)  the  radial  distribution  of 
électron  density /l^(r.' and  absorption  coef- 
ficient .  Solving  of  Abel  équations 
with  due  regard  to  re fraction  of  radiation 
was    made    by  means  of  séries  expansion  of 
unknown  and  expérimental  functions  in  or- 
tonormal  set  of  polinomials  with  an  opti- 
mal degree  determined  by  régression  analy- 
sis  according  to  uncertainty  of  expérimen- 
tal function  [2]  .  Coraputational  tests 
show  that  accuracy  of  investigated  functi- 
ons     C/")  oro^^i")    was  defined  by  noise  of 
expérimental  functions  and/or  Im^^^) 
multiplied  by  factor  K^"^  2  -  5. 
Phase  and  Modulus  Itérations  :  In  our  ex- 
periments  the  width  of  probing  beam  A 
was  about  (5-10)  X  ~-  1-2  mm,  plasma  diame- 
ter 2(1   and  maximum  électron  density  fio 
varied  in  the  ranges  of  5-20  mm  and  3 «10 
lo''^  cm~^,  respectively .  Profile  of  measu- 
red  function  Yfj)  is  usually  slightly  dic- 
torted  in  comparison  with  ^(^')    because  of 
the  finite  beam  width.  To  evaluate  the  un- 
known function  '^i^)    we  applied  the  appro- 
priate     itérative    procédures  to  the  real 
and  imaginary  parts  of  eqn.(1)  written  in 
the  algebraic  notation  : 

|;K.je-^'"*'Si«rRe^,-îii:.i2..)=0,  (5) 

where   Z  Kg  (?  '      =i    .  Expérimental  function 
Y(^)      was  taken  as  a    zéro  approximation 
^e^-J*  for  R.e#(ij)  .  Itérative  formula  for 
was  chosen  as  follows  : 

where  is  a  parameter  which  improves 

the    convergence    of    itarative  process. 

Function  Tw^C^)  is  determined  by  analogous 
itérative  procédure  : 


52 


Computer  simulation  showed  that  noise  ampli- 
fication factor  of  thèse  procédures  did  not 
exceed  IC^  -  2-5  when  i?aA>5. 
Results  and  Discussion  :  Application  of 
thèse  numerical  methods  is  demonstrated  on 
the  model  plasma  object  -  d.c.  arc  ^i^charge 
in    Ar  [4]   .  Fis.  1a  shows  the  f une t ion  K€$f^) 
measured  at  the  wavelength  X=1-I9j*^m  and 
corresponding  density  profile  with  a  95% 
confidence  limits  defined  by  the  input  ab- 
solute  errors  ^$-t0.1  radji. Expérimental 
modulus  of  transmission  coefficient  g(S>) 
ia  shown  in  Fig.lb  (curve  1).  Dotted  line 
(2)  présents  the  theoretical  signal  ^l?) 
calculated  for  refractive  losses  (Vf  =0). 
Différence  between  thèse  functions  is  due 
to  dampind  factor  { (3).  expr-Mj()J-curve  (5). 
Solving  of  Abel  équation  (5)  for  TmT(^) 
provides  the  profile  of  absorption  coeffi- 
cient dir)  -(see  Fig.2a).  Température  dis- 
tribution Te('^)was  evaluated  from  Saha 
équation  by  determined  profile  of  Mc(^)  . 
Good  agreement  between  the  expérimental  and 
calculated  plasma  side-on  brightness  P^^) 
CFig.2b,  circles  and  line)  confirma  the 
applicability  of  equilibrium  model.  Theo- 
retical function  Pfy)  was  calculated 
emploing  the  profiles  of  <i(^)    and  ^(n 
with  due  regard  to  self-absorption  and  re- 
fraction of  plasma  émission.  Dotted  curve 
in  Fig.2a  shows  the  partition  of  electron- 
ion  collisions  in  absorption  of  the  probing 
radiation. Thèse  data  provide  the^eff active 
collision  frequencies =4*10  1/s, 
■0     _z.io'^*^  1/s  and  momentum  transfère 
cross-section  Cect  =7.5-10""°  cm      for  Ar 
atoms  at  the  température  of  9*10  K. 
The  relative  uncertainty  of  irv^Cr) (-^5  -  10%) 
was  due  to  the  errors  of  expérimental  fun- 
ction ^(S>)    ('"'2%)  and  the  noise  amplifica- 
tion factor  J^v"^  2-5  characteristic  for 
solutions  of  Abel  and  convolution  équations. 
We  consider  the  accuracy  of  collision  fre- 
quency  measurements  to  be  about  10-20% 
because  the  absorption  was  evaluated    as  a 
différence  between  the  total  and  refractive 
losses.  Plasma  température  calculated  by 
means  of  Saha  équation  was  in  a  good  agree- 


ment  with  radiative  température   'e  , 
obtained  independently  from  measurements 
of  the  absolute  intensity  of  plasma 
émission  at  two  différent  wavelengths  . 
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a)  Fig.l 

a)  phase  function  and  density  profile  of 
Ar  arc  discharge 

b)  expérimental  and  theoretical  (2)  modu- 
lus of  transmittivity  and  absorption 
factor  (5) 


a)  Fig.2 

a)  radial  distribution  of  absorption 
coefficient  and  température 

b)  side-on  spectral  emissivity  of  plasma 
cylinder 
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The  work  to  be  deseribed  was  an  attempt 
to  détermine  résonance  Rayleigh  scettering 
cross  sections  and  to  investigate  a  plas- 
ma without  a  significant  perturbation  of 
level  populations  by  incident  wave  field. 

An  estimate  of  the  condition  of  weiK  wave 
field  is  based  on  équation  ^/{iJ-^i^^l 
(see,  e.g.  It  is  équivalent  to  indé- 

pendant photon  scattering  by  atoms  (ions). 
In  the  équation  t)  ,  t.tJ  and  are  light 

intensity,  photon  energy  and  inverse  life- 
time  of  upper  level  1  respect ively  (the 
incident  wave  frequency  CJ    is  in  résonance 
with  the  electronic  transition  0-*1,  0  - 
initial  state  of  atoms).   g;  is  the  total 
scettering  cross  section  defined  by  [2]: 

Here  %  is  classical  électron  radius;  , 

are  statistical  weights;  K=0  or  2^wheft2 
15 a  sonic  interme â  iate  state;  J^^  are  oscil- 
lator  stengths;  is  the  total  cross  sec- 

tion for  fluorescence  process  and   ^  is 
the  total  cross  section  for  résonance  com- 
bination  process.  The  intensity  of  the  in- 
cident radiaton  is  of  the  order  10^W/cm^ 
for  typical  conditions  of  the  experiment. 

A  connection  between  the  scettering 
radiation  power    3^   and  incident  radiation 
intensity  3    may  be  deriven  in  considering 
of  résonance  li'-;ht  absorption  and  radia- 
tion kinetics.  The  following  équation  de- 


scribes  the  connection: 

where  K=0  or  2 ,        and  Ai^  are  coefficient 
of  proport ionality  and  probability  of  spon- 
taneous  émission  respectively.  The  équa- 
tion gives  a  possibility  to  détermine  the 
résonance  Rayleigh  scettering,  cross  sec- 
tions, 

Scattering  light  depolarisation  J^;^ 
gives  usefull  know-ledge  about  plasma 
(électron  states  configurations,  frequen- 
cies  of  external  influences  on  partiels, 
etc.).  There  are  der^ivations  for  Rayleigh 
scettering  depolarisaton  in  [3] .  On  sprea- 
ding  the  dérivations  for  the  case  of  réso- 
nance we  shall  get : 


Here  K=0  or  2;   ^  and  M     are  quantum 
numbers  of  the  states  0,1,2;  (  .^^  q       )  - 
3J  -symbol. 

Expérimental  arrangement  were  builded 
by  ordinary  scheme  which  deseribed  in  (>] . 
Plasma  was  probed  by  ion-argon  laser  radia- 
tion focused  up  to150yH  diameter.  There 
were  a  polaroid  and  double  grating  mono- 
chromator  J\^C-I2  as  a  spectrum  analyzer. 
The  lock-in  technique  was  used.  Plasma  was 
created  by  athmospheric  pressux-e  d-c  arc 
discharge  in  argon  and  neon  with  a  email 
argon  additions.  The  discharge  current 
was  40  A. 
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In  Oder  to  détermine  the  particle  levai 
populations  it  is  necessary  a  knowledge  of 
scattering  cross  sections.  The  cross  sec- 
tions were  measured  on  the  basis  of  the 
équation  (2).  The  Results  of  experiments 

with  the  use  of  incident  radiation  À  =51^5^ » 

o  0 
4880A  and  4755A  are  shown  on  Fig.1.  The 

cross  sections measuring  in  plasma  Ne+Ar 
are  represented  in  the  Table  1.  In  argon 
plasma  the  cross  sections  were  calculated 
by  (1)  and  results  of  [5]  .  Similar  calcu- 
lât ions  for  plasma  Ne+Ar  give  the  values 
coincided  with  expérimental  results.  There 
are  the  populations  values  of  ion  argon 
levels  4S^Pi/j    and  4$^Pi/i     in  the  same  Table. 

The  results  of  depolarisation  measure- 
ments  in  argon  and  neon  plasma  are  repre- 
sented in  the  Table  2.  It  can  be  seen,that 
there  is  a  corrélation  between  calculated 
and  expérimental  date.  However,  the  discre- 
pancy  between  some  of  them  exceeds  expéri- 
mental errors.  Remember,  that  the  relation 
(3)    is   valid  for  single  particle  scatte- 
ring. So,  the  discrepancy  is  the  évidence 
of  collision  influence  on  the  depolarisa- 
tion. 

Thus  we  have  show  the  possibility  of 
low-temperature  plasma  diagnostic  by  réso- 
nance Rayleigh  scattering  of  weak  inten- 
sity  radiation.  It  is  of  particular  impor- 
tance that  similar  measurements  can  be 
made  usually  without  significant  pertur- 
bation of  the  plasma. 
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Pig.1.  Expérimental  dependence  I/^k  (1/ï): 
a)  Ne+1%Ar;  b)  Ne+0,05%Ar 
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This  paper  describes  the  various  gas  dis- 
charges used  currently  or  under  development  at 
NBS  as  radiometric  standards  in  the  spectral 
région  110-350  nm.  Some  review  material  is 
included  in  addition  to  new  measurements  in 
order  to  provide  a  balanced  overview  of  the  NBS 
UV  radiometry  program.    The  application  of  such 
sources  as  a  diagnostic  will  also  be  described 
for  a  few  typical  experiments,  e.g.  tokomak 
impurity  concentration  déterminations,  dense 
plasma  température  déterminations,  photochemical 
rate  coefficient  measurements,  and  uv  spectro- 
radiometer  efficiency  measurements  aboard  space 
shuttle. 

Six  radiation  sources  have  been  investigated: 
1)  a  hydrogen  wall-stabilized  arc;  2)  a  blackbody- 
limited  line  thermal  arc  plasma;  3)  an  argon 
"mini-arc";  4)  an  argon  "maxi-arc";  5)  a  deuterium 
lamp;  6)  a  krypton  dimer  rf  discharge  lamp. 
Déterminations  of  both  the  spectral  radiance 
(W  cm'^nm'^ sr'^ )  and  the  spectral  irradiance 
(W  cm~^)  have  been  undertaken. 

The  use  of  a  hydrogen  arc  plasma  as  an 
absolute  primary  standard  of  uv  spectral  radiance 
has  been  described  previouslyJ    The  optically 
thin  Balmer  continuum  radiation  between  360  nm 
and  about  130  nm  can  be  calculated  to  within  an 
uncertainty  of  less  than  3%.  When  operated  at 
électron  températures  such  that  the  radiance 
reaches  the  Larenz  maximum  (about  T  =  20  OOOK) , 


the  uncertainties  in  the  calculation  are  minimized 
since  the  radiance  is  not  sensitive  to  the 
plasma  diagnostics  and  any  déviations  from  LTE 
are  expected  to  be  minimized.    The  spectral 
irradiance  of  the  hydrogen  arc  has  now  been 
measured  for  the  first  time.     Its  potential  use 
as  a  spectral  irradiance  standard  will  be  dis- 
cussed. 

The  blackbody  line  radiation  source  is 

2 

similar  to  the  one  described  by  Boldt  and 

others.  Contaminants  of  No,  CO^,  and  are 
^  2        2  2 

added  to  a  thermal  argon  arc  plasma  and  the  NI 
and  CI  atomic  résonance  lines  become  optically 
thick  and  in  fact  blackbody  limited.    The  spectral 
radiance  at  the  line  centers  is  a  function  of 
température  and  is  given  by  the  Planck  radiation 
law.    It  is  used  as  a  primary  standard  of  spectral 
radiance  in  the  spectral  région  100-200  nm. 

At  NBS  the  hydrogen  arc  and  the  blackbody 
line  arc  are  used  as  primary  standards  to  cali- 
brate  the  radiance  of  recently  developed  secondary 
standards  such  as  the  argon  "mini -arc"  and  the 
"maxi-arc"  which  are  easier  to  operate  and  are 
more  portable.    For  example  the  mini-arc^  is  10 
cm  long,  needs  no  ballast  resistor,  and  can  be 
operated  with  a  1  kW,  10  kg  de  power  supply. 
The  spectral  radiance  and  irradiance  of  both  the 
mini-arc  and  the  maxi-arc  have  been  measured  and 
are  available  from  NBS  as  secondary  standards  in 
the  wavelength  région  110-330  nm  with  uncertain- 
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ties  withi'n  5-20%  depending  on  wavelength. 
Their  characteri stics  as  standards  have  been 
extensively  studied  and  will  be  described. 

Commercial ly  available  low  pressure  deuterium 
lamps  have  been  used  for  a  number  of  years  as 
secondary  standards  of  spectral  radiante  in  the 
région  165-350  nm.  Measurements  are  now  extended 
to  shorter  wavelengths  (115  nm)  where  the  many- 
line  Lyman  band  dominâtes  the  spectrum.  Our 
measurements  show  that  the  blended  lines  form  a 
pseudo-continuum  below  165  nm  when  a  low  re- 
solution spectroradiometer  is  used  for  détection. 
The  sensitivity  of  the  spectral  irradiance  to 
the  bandpass  has  been  determined.    The  lamps 
were  enclosed  in  a  vacuum  System;  no  change  was 
observed  in  the  spectral  irradiance  when  the 
System  was  evacuated.  This  has  spécial  implications 
concerning  space  applications  and  for  applications 
in  which  one  desires  that  the  radiometric  standard 
be  placed  inside  a  vacuum  system. 

A  commercially  available  krypton  dimer 
radiation  source  was  also  tested  as  a  potential 
standard  of  radiance  and  irradiance  in  the 
spectral  région  125-170  nm.    Its  reproducibil ity 
and  aging  characteristics,  both  inside  a  vacuum 
System  and  at  atmospheric  pressure,  have  been 
measured.  Opération  of  the  lamp  with  other  noble 
gases  which  émit  continuum  radiation  in  other 
wavelength  bands  is  being  investigated. 

In  summary,  this  family  of  gas  discharges 
provides  convenient  and  reliable  laboratory 
source  standards  in  the  110-350  nm  spectral 
région.    Calibrations  of  both  spectral  radiance 
and  spectral  irradiance  are  made  with  sources 
whose  intensity  levels  cover  a  range  of  almost  6 


orders  of  magnitude,  thus  allowing  a  variety  of 
radiometric  applications. 
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[NTRODUCTION 

Degree  of  ionisation  profiles  have  pre- 
/iously  been  measured  in  shock  waves  by 
Laser  interf  erometry  ^ ''^  ^  .  The  technique  was 
lowever  confined  to  incident  shocks  becau- 
3e  of  the  difficulty  in  interpreting  inter- 
Eerograms.  As  spectral  lines  tend  to  have 
setter  brightness  behind  first-and  multi- 
reflected  shock  waves,   it  is  désirable  to 
îxtend  this  powerful  method  of  electron- 
îensity  measurement  to  thèse  more  highly 
;ompressed  régions. 
CKEORY  OF  OPERATION 

^11  constituents  of  a  plasma   :  neutral 
itoms   (suscript  1),   ions    (+) ,  electrons(e) 
:ontribute  to  its  refractivity  : 
(n-1)   =   (n-1)^  +    (n-1)^  +    (n-D^  -  (n-l)^; 
tfhere   (n-1)^  is  the  refractive  index  of 
the  gas  before  ionisation.   In  terms  of 
spécifie  refractivity  K,  and  by  noting 
that  ions  have  nearly  the  same  susceptibi- 
Lity  as  atoms  : 

(n-1)    =  (N^   +  N^)    +  Kg  -  N^. 

3ecause         <<         across  a  shock  front,  and 
ioes  not  vary  until  arrivai  of  the  next 
Eront  : 


(n  -  1)   -  K 


(N 


N4.) 


rhis  relationship  makes  it  easy  to  compare 
2lectron  and  atom  contribution  to  the  re- 
fractive index  .  Values  at  two  wavelenghts 
tiave  been  computed  via  : 


Ng  /  N 


4.48  10 


Ne 


(A' 


•)  / 


rfhere  A'   and  B'   are  the  Cauchy  formula 
constants  divided  by  the  Loschmidt  number. 
Behavior  of  the  fringe  pattern,  when  the 
light  path's  refractivity  is  cyclically 
nodulated,   shows  how  to  interpret  inter- 
Eerometric  signais  from  shock-tube  plasmas, 
rhe  cyclic  change  is  induced  by  a 


Li  Nb  O3  electro-optic  crystal  regularly 
modulated  by  Pockel  effect  A  voltage 

proportional  to  the  driving  voltage 
(phase  shift  of  the  laser  beam)   of  the 
crystal  is  fed  to  the  y-axis  of  the  oscil- 
loscope  (Fig.l).  Modulation  of  the  bright- 
ness of  the  oscilloscope  trace  (z-axis) 
produces  one  bright  puise  for  every 
fringe  The  chronology  of  evens  is 

recovered  from  the  oscilloscope  time  base 
in  the  usai  way. 


The  laser  produces  a  maximum  output  for  : 
L  =  mX    (where  m  is  a  constant,  L  the 
initial  optical-path  between  the  two  mir- 
rors  M^,  n^,   and  X  the  operating  wave- 
length) .  The  condition  for  a  blip  on  the 
oscilloscope  is   :  L  +         (t)   +  f  (t) 
=  m  X    (where  Fp(t)   and  f (t)   are  the  chan- 
ges of  path  due  to  the  cyclic  modulator 
and  the  plasma  respectively) .   Because  Fp 
(t)   is  proportional  to  the  scope ' s  y 
deflection,   the  locus  of  bright  spots 
V7ill  form  a  bright  band  given  by  : 
y  =    (m  X  -  1)   -  f (t)    ;   i.e.  bright  bands 
tracing  out  directly  the  path  length 
versus  time  profile.   Inter-bands  sépara- 
tion is  X/2. 
APPARATUS 

The  interf erometer  is  the  same  as  pre- 
viously  described .  A   (15  x  5  x  1.3)mm 
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Li  Nb  0^  crystal  is  located  in  the 
référence  cavity         ,  M^)   of  an  ASHBY- 
JEPH  COTT  interf erometer   ;    ^"^^   and  its 
optical  axis  is  parallel  to  the  laser  beam 
polarization.  Multiref lexion  is  used  to 
lower  the  minimum  modulation  voltage 
required  for  a  X/2  phase  shift.  The 
mirror  can  be  oscillated  for  trial 

purposes.  The  crystal  modulation  frequency 
choosen  is  a  trade-off  between  the  plasma 
index  of  refraction,  resolution  and 
interf erometer  signal  amplitude.  A  germa- 
nium wedge  in  séries  with  interférence 
filter  isolâtes  the  3.39ym  laser  band  and 
prevents  swamping  the  Ij^A^  détecter.  The 
signal  of  the  interf erometer  is  amplified 
and  shaped  to  enhance  the  z-axis  display. 
When  a  transient   (shock  tube)  plasma 
passes  across  the  laser  beam,   its  electron- 
density  variation  perturbs  the  cyclic 
refractivity  variation  driven  by  the 
crystal   :  phase-sensitive  détection  is 
used  to  measure  thèse  comparatively  small 
perturbations.  The  output  from  a  quart- 
transducer  mounted  in  the  schock  tube 
provides  a  synchronous  pressure  profile 
which  facilitâtes  interf erogram  interpré- 
tation. 

RESULTS  AND  CONCLUSIONS 
The  method  was  tested  first  with  an 
oscillating  mirror       ,   next  with  incident 
shock  waves,   and  finally  with  a  succession 
of  incident  and  reflected  shock  waves  in 
neon   (Fig.   2).   In  the  latter  case  a  fringe 
(cyclic  variation)   corresponds  to 
N     =  6.6  x  lO-'-^cm"^ 


Advantages  of  this  technique  are   :   1)  it 
tracks  reversais  of  path  refractivity  in 
an  unambiguous  way,   2)    it  detects  small 
fluctuations     net  rnadily  observed  by 
earlier  interf erometric  methods,  and  3) 
it  permits  estimations  of  fraction  of  a 
fringe  shift  on 'a  linear  scale.  The 
method 's  limitation  is  the  interf erometer 
modulartion  cut-off  which  limits  the  reso- 
lution :   for  transient  phenomena,  one 
would  expect  the  display  to  break  down  if 
the  fringing  rate  approached  one  fringe 
per  oscillation  cycle.  Higher  laser 
wavelenghts  and  amplitudes  can  be  used 
for  denser  of  brighter  plasmas.  More 
détails  about  thèse  instruments  can  be 
found  in  référence  5. 
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It  is  known,that  for  correct  probe  di- 
agnostics of  RF  plasma  it  Is  necessary, 
that  RF  probe  potential  should  differ  lit- 
tle  from  RF  plasma  potential.lt  is  usual- 
ly  achieved  by  sélection  of  high  enough 
probe  circuit  RF  impédance, which  prevents 
from  RF  current  to  flow  in  this  circxiit 
/1,2,3/. 

In  présent  publication  the  influence 
of  finite  thickness  of  probe  sheath  upon 
the  accuracy  of  RF  plasma  probe  diagnostic 
is  analysed.lt  is  also  shown,that  the  ab- 
sence of  RF  current  in  the  extemal  probe 
circuit  doesn*t  guarantee  yet  correct  pro- 
be measurements. 

It  is  convenient  to  illustrate  the  men- 
tioned  effect  at  the  example  of  a  plane 
bilatéral  probe ,orientated  normally  to  RF 
field  (Fig.l).The  probe  plane  is  separated 
from  plasma  by  a  space  charge  sheath, the 
thickness  of  which  S   dépends  upon  the  con 
stant  négative  potential  Vo   .At  frequenci- 
es  more  greater  that  the  ion  plasma  one, 
displaceraent  current  in  the  sheath  consi- 
derably  exceeds  conduction  current .Then 
RF  potential  différence  between  probe  and 
two  plane  plasma  bo\mdaries  will  equal  to: 

where  (fp  and  Ep  are  permittivity  and  RF 
field  amplitude  in  plasma. According  to 
(1)  time  average  électron  probe  current 
is  following; 

where  -électron  saturation  current;  Ve 
-électron  température  in  units  of  potenti- 


al; Jp  -modified  Bessel  function.In  the 
case  of  co^f       w/^,we  have  jfp|  =  ^(l*  ^!)''^^and 
ot-  ^-^i, where  V  -frequency  of  électron-, 
atom  collisions;  6o»ot;  -électron  plasma  fre- 
quency; 2)e  -Debye  lenght;  (X  -amplitude  of 
électron  oscillation  in  plasma, Setting  the 
permissible  probe  current  increase  not  mo- 
re than  26%,correctness  criterion  pf  plane 
probe  measurements  may  be  obtained  from 
(2):  o<^  £  1.In  plasma  of  self-sustained  RF 
discharge  we  get  Cl-  ^je^\and       of  the 
order  5(5=  K(v.j2)e)  .Then  esqjression  for 
cL  becomes: 

As  follows  from  (3)|in  RF  discharge  o(  > \  , 
that  may  lead  to  considérable  errors  at 
finding  plasma  parameters  with  the  plane 
probe (  yi  -effective  part  of  energy  lost 
by  électrons) . 
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Fig.1 .Distribution  of  RF  field  and  RF 
potential  in  the  probe  sheath. 
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Let's  consider  the  same  problem  for  cy- 
lindrical  probe, orient ated  normally  to  RF 
field.The  distribution  of  RF  potential  in 
the  probe  sheath  can  be  written  as  /5/î 

where  r  -probe  radius;    &  -angle  between 
radius-vector  and  the  direction  of  RF  fi- 
eld.Then  for  time  average  electronic  conço- 
nent  of  the  probe  current  we  get: 

As  f  ollows  f  rom  (4)  ,when  /?>  i  'A    the  incre- 
ase  of  électron  current  doesn't  exceed  15%. 
Unlike  the  plane  probe, where  at  ^0  ojoe. 
probe  current  distortions  grow  with  increa- 
sing  of  plasma  density,in  the  case  of  cy- 
lindrical  probe  this  effect  is  expressed 
weaker  and  distortions  grow, if  plasma  den- 
sity  decreases.That»s  because  the  average 
RF  field  in  the  cylindrical  probe  sheath 
practically  equals  to  RF  field  in  plasma, 
while  in  plane  probe  sheath  RF  field  incre- 
ases  in  6p  times.Nevertheless,in  the  case 
of  cylindrical  probe  some  situations  are 
possible, in  which  the  measured  probe  cur- 
rent will  be  greatly  distorted(  (3  >  %  ).It 
may  happen,when  there  is  a  dipole  résonan- 
ce of  cylindrical  cavity  in  plasma  at  60  = 

(I  A  I  >?  i),and  also  in  self-sustai- 
ned  RF  plasma, In  the  last  case: 

and  estimations  show,that     >  %    may  be 
realized  in  rare  plasma  of  RF  discharge  in 
molecular  gases, where  ^  is  great  enough. 
Since  the  degree  of  probe  current  distor- 
tions is  determined  by  the  probe  sheath 
thickness.it  is  obvlous,that  errors  in  the 
measurements  of  électron  current  must  grow 
with  increasing  of  négative  probe  potenti- 
al. It  may  le ad  to  the  distort ion  of  probe 
characteristics  form  and  to  the  apparent 
enrlchment  of  électron  energy  spectra  by 
fast  électrons .The  dependence  5    from  RF 

voltage  in  the  sheath  was  neglected  in  de- 
ducing  (2)  and  (4) .This  is  admittable , if 

yij.)«^o     or  <2«  2!)e  (thèse  relations  are 


équivalent)  .In  the  opposite  case  (<î>?  ), 
probe  sheath  thickness  will  be  modulated 
by  RF  field.Time  average  sheath  thickness 
<S>  will  grow  with  the  increasing  of  RF 
field  owing  to  RF  voltage  rectification  in 


électrodes  in  RF  discharge  A/,where<5>~ 
ex.  ,if  a>7  2)e.If  the  requirement  (2^<Z)«  is 
breaked  in  the  case  of  cylindrical  probe, 
it  will  lead  to  unisotropical  widening  of 
probe  sheath  in  the  direction  of  EF  field. 
Fig.2  shows  the  picture  of  cylindrical 
floating  probe  sheath, obtained  in  the  air 
RF  discharge  at  ^  sJMHz  and  pressure  p  = 
5torr.The  observed    asymmetry  of  probe 
sheath  has  been  disappearing  with  the  in- 
creasing of  plasma  density  and  decreasing 
of  pressiare.This  fact  agrées  with  (5)« 

In  conclusion  let's  mention, that  unli- 
ke the  effects.studied  in  /1,2,3/»the  dis- 
tort  ion  of  probe  measurements  described 
here  can't  be  removed  by  scheme  solutions. 
It  limits  on  principle  the  sphère  of  using 
probe  methods  in  RF  plasma  diagnostics. 
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To  construct  RP  discharge  theory  joint 
iccoxmting  of  electrodjraamic  properties  of 
[viasi-neutral  plasma  and  space  charge  she- 
ith  at  électrode  (SCSB  )  is  needed.Let's 
ionsider  the  structure  and  electrodynamic 
)roperties  of  SCSE,which  appear  in  a  stati- 
>nary  symmetrical  RF  discharge  between  pla- 
ie nonemitting  électrodes  in  range  of  fre- 
tuencies/  1  /: 

oj'^»  vo' »  uj^,        (1);  ^>^2  }  '^^^^ev  (2) 
rhere       andU^c!  -électron  and  ion  plasma 
:requencies;  ù>  -RF  field  frequency;  V  - 
ilectron-atom  collision  frequency;  Z  - 
.onization  frequency;  9£  -effective  part 
»f  energy,lost  by  an  électron  at  collision. 
'ig.1  shows  a  qualitative  structure  of  SC 
JE. 


m / 

L  ^ 

// 
/  / 

) 

0            s{t)  s 

ath  boundary  we  shall  have:  ne(s)=  n,  (r)  . 
Let's  set  discharge  current(displaceinent 
current  in  SCSE)  as  3 (ij  =J^  {'a  u)é  =  ^ti(sj~r^  . 
Time  average  électron  density  in  oCae(ftj>= 
^\^A'^,^)<^MJ  together  with  stationary  ion 
sp'ace  distribution  détermines  the  time  ave- 
rage potential  in  SCSE  -%Ù)  =  (fM}.1hen 
from  équations  of  Poisson, ion  motion, RF 
current  continuity  and  charge  conservati- 
on for  two  SCSE  /  1  /  we  shall  get  a  Sys- 
tem of  equations.This  system  links  toget- 
her time  average  SCSE  characteristics  with 
set  parameters  oC  =^  and  iU  =       (  A;  - 
ion  mean  free  path,    vi,  -amplitude  of  sum- 
mary  RF  voltage  in  two  SCSE,   \/e  -électron 
température  in  units  of  potential): 


2£S  fl 


■'i 


Fig.1 

Plasma  ions  are  siipposed  to  inject  in  SC 
SE  with  ion  sound  velocity  Vs    (  -plas- 
ma boundary  density) .As  it  follows  from 
(1),ions  are  accelerated  towards  RF  élec- 
trode by  the  time  average  component  of 
SCSE  field.At  the  same  time  électron  den- 
sity profile  oscillâtes  with  the  field 
frequency  from  5m    to  RF  électrode  .The 
last  requirement  is  fulfiled  when  électron 
oscillation  amplitude  at  plasma  boundary 
CLs  exceeds  considerably  the  Debye  radius 
at  plasma  boundary       .If  the  électron 
density  is  step-like,then  for  mobile  she- 


where  ;  ^  =  ^  ;      =  g  ;<y.>=t-'' 

%J  r  =('^*'«jî  -instanta- 
neous  values  of  reduced  RF  voltages  in 
two  SCSE;  A  -characteristic  dimension  of 
quasi-neutral  plasma. Point  f  =0  corres  - 
ponds  to  plasma  boundary  and  |    =  <5^(  to  RF 
électrode. 

This  System  has  been  solved  with  com- 
puter for  the  large  range  of  values  Uc  = 

5  -200  and  oC  =  10"^-  1  .Calculât ions  sho- 
wed,that  the  last  member  in  the  second  eq- 
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uation,liiikecl  with  ionization  in  SCSE,at 

Sm  <<  A  ,gives  the  negligible  contributi- 
on to  the  value  y,-   .Time  average  iSCSE  thi- 
ckness  -  So  ,determining  SGSB  capacitive 
inçedance  was  found  from  ~  Ji/ ' 

where  £o  =       •  " 

Pig.2  shows  ion  space  distribution  in 
SGSB  in  the  case  of  uncollision  sheath 
(  oC  =10"^,  Và\  =1 0"''  )  and  also  when  there 
are  several  collisions  (      =1 ,       =7)  «So 
Pig.2  shows, that  ion  distribution  inhomo- 
geneity  decreases  while  the  number  of  col- 
lisions in  SCSE  increases.The  same  is  seen 
from  Pig.5,where  dependence  (;jY^/j  diffé- 
rent Uc  is  given. 


The  results  of  calculationstf/'<4'  are  pre- 
sented  at  Pig. 6. Approximation  (5)  is  given 
by  dotted  line .Expérimental  results  /  2  /, 
obtained  in  RP  discharge  (merciiry  vapour) 
at  frequency       =  ^0.8  MHz  are  given  at 
Fig.^  and  Fig.6. 


Pig.2  Pig. 5 

According  to  the  calculations,  -de- 
pendences  of  reduced  SCSE  thickness  (To 
(Pig.4)  and  reduced  time  average  component 
of  EF  voltage  in  SCSE       (Pig. 5)  may  be 
approximated  by  f ollowing  expressions  with 
accuracy  to  10%  :  ^ 

L'-if^)uf'       (5);  y  (4) 

where  parameter  ^  weakly  dépends  upon  <^ 
and  may  be  approximated  exactly  enough  by 
expression:       ^  f.8.â,{/-dj 


Pig.6 

Let»s  note, that  value  So  ,and  therefore 
the  SCSE  capacitive  impédance, are  determi- 
ned  by  amplitude  of  électron  oscillations 
at  plasma  boundaxy  ds  .Actually, displace- 
ment current  in  SCSE  is  equal  to  conducti- 
on current  in  plasma  due  to  the  continuity 
of  discharge  current: 


then  taking  into  accout  (3)  we  get: 

5c-  zl'as 

At  high  pressures  (  o<  »  1)  this  rela- 
tion,as  follows  from  (5),takes  the  form: 

So  =  (2i  .This  resuit  coïncides  practical-i, 
ly  with  results  of  /  1  /  , where  y^-  =1  was 
assvuned  a  priori. 
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2,V.A.Godyai:,O.A.Popov,A.H.Hanna,Proc.XII3 
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JSE  OF  EMITTED  PHOTONS  AS  A  PROBE  FOR  LOW  PRESSURE  CAS  DISCHARGES 


J.  Fletcher  and  H.A.  Blevin. 


•stty  of  South  Australia,  Bedford  Park,  5042, 


Conventional  methods  of  studying  the  behaviour 
of  isolated  électron  swarms  and  électron  streams 
are  complicated  by  the  effect  of  électrode 
boundaries  on  the  variable  being  measured.  In 
récent  years  several  authors  Lowke  1962,  Lucas  1966, 
and  Skullerud  1974)  have  shown  that  the  présence  of 
métal  électrodes  in  the  région  of  immédiate 
interest  can  modify  the  électron  swarm  parameters 
sufficiently  for  spurious  results  to  be  achieved. 
Indeed  a  further  non-eouilibrium  effect  near  to  the 
cathode  due  to  the  électron  infection  enerpy  dis- 
tribution being  markedly  différent  ^rom  the 
equilbrium  distribution,  does  not  lend  itsel^  to 
useful  theoretical  treatment  and  hence  must  be 
either  eliminated  or  ignored  in  any  extieriments . 

One  of  the  few  methods  o^"  obtaining  in^'orma- 
tion  about  the  behaviour  of  électron  swarms  dri^'t- 
ing  through  a  low  pressure        1  torr)  gas  under  the 
influence  of  an  electric  field  is  to  study  the 
photon  flux  emitted  by  the  swarm  following 
electron-molecule  excitation  collisions.  TTiis 
technique  was  first  sugpested  by  Corrigan  and  von 
Engel  (1958)  and  further  used  by  Brere  anr"  von 
Engel  (1964) .    The  photon  counting  technioues  used 
in  this  early  work  were  primitive,  however,  result- 
ing  in  poor  statistics  and  large  errors .  Oevelop- 
ments  in  photon  détection  and  puise  manipulation 
during  the  intervening  years  have  made  the  method 
a  viable  and  indeed  an  accurate  technique. 

Détails  of  the  présent  expérimental  method 
have  been  published  (Blevin  et  al  1976  a,b,c,  1978 


a,b). 
PESULTS 

The  crucial  ^actor  involved  in  thèse  exneri- 
ments  is  the  relationship  between  the  nhoton  flux 
and  the  électron  density  integrated  along  the  line 
o-F  sight  of  the  collimator.    An  exhaustive  Monte- 
Carlo  treatment  of  this  problem  in  hydrogen  has 
shown  that,  in  hydrogen,  the  photon  flux  distribu- 
tion is  of  the  same  shape  as  the  électron  density 
distribution  although  the  former  slightly  leads  the 
latter  by  a  constant  time  interval  (Hunter,  1977, 
Blevin  et  al  1978c).    Hence  the  measured  photon 
distribution  may  be  used  to  calculate  the  drift  and 
diffusion  parameters  of  the  électron  swarm. 

In  order  to  eliminate  the  cathode  effects  an 
arbitrary  zéro  position  (z  =  z^,  t  =  t^)  is  taken 
at  an  axial  z  position  near  the  beginning  of  the 
eauilibrium  région,  (z  «  3  cms) .    The  solution  of 
the  continuity  équation  given  by  Huxley  (1972  a,b) 
has  been  modified  to  al low  for  this  and  gives  a 
value  of  the  integrated  photon  flux  along  the  line 
of  sight  of  the  collimator  as 

N*(y,z,t)  =  N^exp  -  [y^/(4Dt^   .  R^l 

[(4TrDt'   +  ttR^)  (4-iïn^t'   +  112^)]^ 

exp  [-  lii^J^qil  (1) 

In  the  above  R  and  Z  are  the  radial  and  longti- 
tudonal  half-widths  respectively  at  the  Ve  height 
of  the  distribution  at  the  arbitrary  zéro  position. 
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For  the  measurement  of  W  and  D^^  y  =  0  in 
équation  1  i.e.  on  axis  distributions  are  measured. 
The  expérimental  technique  is  then  to  measure 
distributions  at        and  at  about  six  axial  posit- 
ions further  down  the  drift  tube.     W  and  D^^  are 
then  obtained  by  curve  fitting  équation  1  with 
y  =  o  to  the  expérimental  distribution. 

Transverse  diffusion  coefficients  can  be  de- 
termined  by  scanning  the  collimator  across  the 
swarm  at  one  value  of  z.     In  this  case,  (Blevin 
et  al  1978a) . 

ln[N^'(y,z)/N^(0,zl]  =  -  y^/4D.j,- 
The  présent  technique  also  lends  itself  to  the 
measurement  of  ionization  coefficients.   (Blevin  et 
al  1978a). 
HYDROGEN 

Data  on  the  values  of  W,  and  a/N  as  a 

function  of  E/M  in  the  range  45  <  E/N  <  180Td  in 
hydrogen  along  with  the  Monte  Carlo  simulations  o-P 
the  discharge  have  now  been  published  (Blevin  et  al 
1976  a,b,c,  1978  a.b.c  :  Hunter,  1977)  and  are 
included  here  for  completeness . 
NITROGEN 

The  électron  drift  velocity,  the  diffusion 
coefficients  and  the  ionization  coefficients  have 
ail  been  measured  in  spectroscopically  pure  nitrog- 
en.    Thèse  data  are  currently  being  analyzed  and 
will  be  presented. 
HELIUM 

The  présent  technique  is  currently  being 
applied  to  pure  hélium  and  while  only  preliminary 
results  are  available  at  présent  it  is  évident  that 
secondary  électron  émission  olays  an  important  rôle 
in  the  hélium  discharge.     The  propress  in  hélium 
will  be  reported. 
SECONDARY  ELECTRON  EMISSION 

The  présent  technique  also  enables  a  direct 


study  to  be  made  of  secondary  électron  émission 
from  the  cathode.     Most  previous  methods  have  been 
indirect  and  have  involved  approximations  in  the 
theoretical  analysis  of  the  expérimental  results. 

In  hydrogen  only  two  secondary  mechanisms  are 
possible,  ultra-violet  Dhoton  bombardment  of  the 
cathode  and  ion  impact  on  the  cathode.     Since  those 
secondary  électrons  produced  by  photon  bombardment 
will  occur  very  soon  after  the  primary  puise 
(<1.0  ys)  while  those  produced  by  ion  impact  will 
be  released  approximately  one  ion  transit  time 
(~20ps)  later  the  contribution  of  each  to  the  total 
secondary  émission  can  be  detected. 

The  results  for  hydrogen  so  obtained 
will.be  presented.  A  clear  "threshold"  for 

secondary  ionization  by  positive  ion  impact  is 
observed  at  E/N  ==200  Td. 

It  is  believed  that  this  is  due  to  the 
production  within  the  discharge  of  H    ions  at  E/N 
<200  Td  and  that  thèse  atomic  ions  are  much  more 
efficient  at  producing  secondary  électrons  than  the 
Hj"^  ions  which  are  the  only  species  présent  for 
E/N  <200  Td.     Further  experiments  to  verify  this 
postulate  are  now  in  progress. 
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HE  ROLE  CF  MOLECULAR  LINES  IN  THE  STUDY  OF  PLASMA  SATELLITES 
A.  Piel,  F.  Pinnekamp. 

Ruhr-Universitat  Boohum,  Institut  fia-  Experimentalphysik  II,  Boohum,  Germany  F.R.G. 


Phe  measureraent  of  fluctuating  electric  fields 
Ln  plasmas  by  means  of  the  high  frequency  Stark 
îffect  has  attracted  much  attention  during  the 
Last  décade.  Since  the  intensities  of  the  high 
frequency  plasma  satellites  hardly  exceed  1^ 
Df  the  main  line  intensity  thèse  structures 
have  to  be  carefully  separated  from  impurity 
lines.  Recently  Ramette  and  Drawin  /V  reported 
plasma  satellites  on  Hp   .  Contrary  to  that 
structures  on  the  kk7.^3  nm  hélium  line  mea- 
sured  under  similar  conditions  by  the  same 
authors  /2/  were  interpreted  as  being  due  to 
hélium  molecular  lines.  Repeating  thèse  expe- 
riments  we  obtained  very  différent  results. 


Experi 


entai 


The  expérimental  set-up  (fig.   D  is  similar  to 
that  in  réf.  /1,2/.  The  light  from  the  dis- 
charge tube  (1  =  ^70mm,   d.   =  24mm,  Al  élec- 
trodes) is  observed  end-on.  The  whole  spectrum 
is  recorded  simultaneously  during  one  shot  on  a 
500  channel  multichannel  analyzer  (OMA)  which 
replaces  the  exit  slit  of  a  f=1m  grating  spec- 
trometer.  The  exposure  time  was  typically  1  f^s 
and  the  spectral  resolution  amounts  to  0.024nm. 


H;ydroKer}  discharge 

A  typical  line  profile  of  recorded  in  the 
afterglow  6  j^s  after  shortcircuiting  is  shown 
in  fig.  2.  The  discharge  conditions  (I^=600A, 
p  =500Pa)  were  very  similar  to  those  in  réf. 
/V-  Several  structures  appear  on  the  line 
profile  which  coïncide  with  the  positions  of 
hydrogen  molecular  lines  taken  from  the  wave- 
length  tables  of  Dieke  The  intensity  of 

the  structures  clearly  exceeds  the  statistical 
error.  25  molecular  lines  could  be  identified. 
In  order  to  détermine  the  exact  positions  of 
possible  plasma  satellites  at  +        the  plasma 
density  was  derived  from  Langmuir  probe  data 
and  the  slope  of  the  H  ^  line  wing  /V-  Both 
methods  show  good  agreeraent,  yielding  an  élec- 
tron density  of  n    =  1.10^''m"^  at  the  instant 
of  exposure.  Plasma  satellites  are  therefore 
expected  to  occur  at  A^=  +0.22if  nm,  but  weak 
structures  at  thèse  positions  are  more  likely 
to  arise  from  molecular  lines.  In  addition 
the  plasma  satellites  should  be  subject  to  the 
same  Stark  broadening  as  the  main  line.  There- 
fore the  sharpness  of  the  structures  reported 
in  réf.  /V  supports  the  interprétation  as 
molecular  lines. 


Figure  1  :  Expérimental  set-up 


Figure  2:  Hydrogen 
discharge 


Figure  3=  Hélium 

discharge 
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Hélium  discharge 

We  repeated  the  measurements  of  /2/  at  exactly 
the  s^me  discharge  conditions.  The  profile 
shown  in  fig.  3  is  an  average  over  80  indivi- 
dual  shots  (error  bars  within  drawing  accuracy). 
No  structures  could  be  registrated,   also  at 
later  times  no  structures  appeared.  As  the  peaks 
in  /2/  were  interpreted  as  being  due  to  Ke^  mo- 
lecular  lines  we  tried  to  measure  optical  tran- 
sitions of  the  He^  molécule  and  looked  for  the 

intense  e^  ÎT  — »a^Z"^    band  at  465.0  nm.  Even 
g  u 

with  an  entrance  slit  of  1  mm  width  of  the 
spectrometer  and  by  integrating  the  light  of 
the  whole  time  of  the  discharge,  thèse  strong 
molecular  lines  could  hardly  be  detected.  Using 
a  stationary  RF-discharge  Ee^  lines  are  regis- 
trated (fig.  4)  and  their  intensity  is  shown  in 
fig.  5  as  a  function  of  the  pressure.   In  this 
discharge  molecular  lines  in  the  447.1  nm  ré- 
gion are  very  weak  and  reach  10"^  of  the  447.15 
nm  line  of  He  at  best.  Therefrom  we  conclude 
that  hélium  molecular  lines  do  not  affect  the 
He  line  at  447.15  nm  at  pressures  below  100  Pa, 

n      <  10^°m~^  and  T        k  sV  in  this  linear 

e  e 
pulsed  discharge. 


"^2  1  3  5  7  9  11    13  0 


Figure  4:  Hélium  RF-discharge 
On  the  other  hand  very  small  amounts  of  hydrogen 
in  the  hélium  discharge  change  the  molecular 
spectrum  drastically.   In  a  tube  contaminated 
with  hydrogen  before  the  He^  spectrum  is  com- 
pletely  suppressed  at  465  nm  and  a  strong  hy- 
drogen molecular  spectrum  occurs.  From  our 
experiments  and  the  fact  that  practically  ail 
peaks  in  Drawins  measurement  /2/  coincide  with 
hydrogen  molecular  lines,   the  interprétation 
of  thèse  structures  as  being  due  to  hydrogen 
molécules  seems  to  be  more  adéquate,  provided 
the  discharge  tube  in  /2/  has  been  in  contact 
with  hydrogen  before. 


0       100      200        300      iOO      500  Pa  600  P 

Figure  5:   Intensity  of  hélium  molecular  lines 
as  a  function  of  filling  pressure 

Conclusions 

For  this  type  of  discharge  it  will  be  very 
difficult  to  distinguish  between  observations 
of  plasma  satellites  and  molecular  lines  in 
hydrogen  discharges,   since  molecular  lines 
will  at  least  arise  from  boundary  layers  of 
the  plasma.   On  the  other  hand  we  could  verify 
that  hélium  molecular  band  spectra  do  not 
affect  the  study  of  plasma  satellites  on  hé- 
lium atomic  lines  in  hélium  discharges.  In 
addition  hélium  molecular  lines  will  be  of 
even  less  importance  at  lower  pressures,  which 
are  typical  for  turbulent  heating  experiments. 
Hydrogen  impurities  in  hélium  discharges, 
however,  may  be  of  great  influence. 
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I  ntroduct  ion .  For  évaluation  of  Starl<  widths  and 
shifts  of  non-hydrogenic  spectral   lines  of  ionized 
atoms,  various  theoretical  approaches  have  been 
used  (see  e.g.  réf.  l):  semi c 1 ass i ca 1 ,  quantum 
mechanical,  semi emp i r i ca 1  and  approximative  semi- 
classical.  The  expérimental   results  for  sinoly  io- 
nized atom  line  widths  and  shifts  are  generally  in 
fairly  good  agreement  (within  +20%)  wi th  the  comp- 
rehensive  semi cl ass i ca 1  calculations  of  Griem  and 
coworkers^^.  Ouantum  mechanical  calculations  of 
Stark  broadening  parameters  has  been  performed 
only  for  singly  ionized  earth  alkaline  metals  (see 
e.g.   réf.   l).  Both  theoretical  approaches,  semi- 
classical  and  quantum  mechanical  are  very  laborious 
and  therefore  not  very  practical  for  évaluation  of 
large  number  of  line  widths.  Tedious  calculations 
can  be  avoided  if  one  uses  simple  semiemprical  for- 
mula^^  which,  for  singly  ionized  atoms,  agrées 
with  the  experiment  in  average  within  +501.  For 
multiply  ionized  atoms  the  agreement  becomes  worse 
what  indicates  that  further  theoretical  effort  has 
to  be  made  to  extend  the  application  of  this  appro- 
ach  to  higher  ionization  stages.  Another  approxi- 
mative sem i cl ass i ca 1  approach  has  been  suggested 
by  Griem^^   for  the  évaluation  of  Stark  line  widths 
of  multiply  ionized  atoms.  The  theoretical  results 
have  been  compared^ ^ wi th  the  expérimental  results 
for  Cl  II  and  CIV^^  which,  at  that  time,  were  only 
reliable  data.    In  the  mean  time  a  number  of  expé- 
rimental  results  for  the  prominent  lines  of  AMI 
and  A1V^\  Nlll'*^  Olll^^  Silll^'''^  and  SilV^^ 
and  Cl  111^^   become  available. 

The  aim  of  this  paper  is  to  test  approximati- 
ve semiclassical   theoretical  approach  with  avai- 
lable expérimental  data.   I t  wi 1 1   be  also  proposed 
modification  of  approximative  semiclassical  formu- 
la and  theoretical   results  obtained  in  this  way 
are  also  compared  with  the  experiment. 


Theory :  First,  theoretical  line  widths  were  calcu- 
lated  from  the  proposed  équation^ ^  which  includes 
lower  level   broadening  in  the  weak  collision  terms: 


f 


f 


1,1+]  1,1-] 


N        .  8ti  ,2  ^  i        ^  i     kT,,  .  kT  ,  Z    ^-l  , 

^^,^ff')An.o^rL^  y 

(1) 

were  N^,  T  and  v  are  électron  concentration,  tempe- 
rature  and  average  velocity  respect i vel y ,   ^  is 
the  électron  de  Broçlie  wavelength  divided  by  2'^, 
k  is  the  Boltzman  constant,  F,,  is  the  ionization 
energy  of  hydrooen,  Z   is  the  charge  of  the  emitter 
which  the  optical  électron  "sees"  (Z=1   for  neutral, 
2  for  singly  ionized  atoms  etc.)  and  n"   is  the 
effective  principal  quantum  number  for  initial  (i) 
and  final   (f)   level  of  the  transition: 


H 


where  Ej^^  is  the  ionization  energy  for  the  consi- 
dered  séries  of  terms  and  E  is  the  energy  of  the 

First  term  on  the  right-hand  side  of  eq .  1 
are  cross  sections  for  weak  collisions  due  to 
An  =  0,jl-+Jl+1  dipole  transitions,   the  second  term 
gives  contribution  from  the  inelastic  collisions 
for  An  ^  0  perturbing  levels  and  the  last  two 
terms  are  the  strong  collision  and  higher  order 
interaction  corrections: 


ax  (  f, ,  Jl  '  )Jy'^  • 
kT  n-'--2 
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.  2l  .2   ,  .2^,„2 


4,  °jj-''Ani^O  3 


Z^(Z-I) 


X     {n*  +3r.+ll.  +  U)  -ini:  .l^ 


E,(Z-1)Z' 


where  "f  is  the  factor  from  Bâtes  and  Damgaard-'  , 
oj  is  the  plasma  frequency,  u  the  fine  structure 
P  .  . 

splitting,  a  is  fine  structure  constant,  (d    is  the 

unshifted  angular  frequency,  Aoo.   is  the  ion  split- 

tinc  and  Z    and  N    are  the  charge  and  concentrat- 
P  P 

ion  of  perturbing  ions,   respective! y. 

For  transitions  An  =  0  i n  eq.  1  Gaunt  factors 
at  a  threshold  are  taken  variable  (g  =  C.?-1.1/Z) 
and  larger  than  0.2^^.  V/e  have  modified  weak  colli- 
sion term  of  eq .  1  (eq.  3)  for  An  =  0  transitions 
by  replacing  (5-^-S/Z)  with  the  constant  value  of 
l.i»  what  corresponds  to  the  constant  Gaunt  factor 
of  0.2. 
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Results  and  discussion:  The  ratio  of  the  theoreti- 
cal  and  expérimental    results  are  given  in  Table  1. 
In  this  table  V/    and  V/^  are  the  results  obtained 
from  unmodified  and  modified  eq .   1.  For  the  sake 
of  the  comparison,  the  results  from  Griem's  semi- 
empirical   formula  are  also  given  under  \!^^.  From 
the  table  it  is  obvious  that  modified  eq .  1  agrées 
best  with  the  experiment 


Table  1.  Average  ratios  of  theoretical  W  ,  V  and 
V/    ,  and  expérimental  halfwidths. 


élément 

(w-^^av. 
exD 

(vT^^aV 
exp 

V.' 

Al  1  1 

21100 

1  .'43 

1  .00 

0.6*4 

AlV 

20750 

1.87 

1  .12 

0.82 

cm 

60000 

0.9^4 

0.90 

0.76 

CIV 

60000 

1  .20 

0.60 

0.'40 

Si  1  1  1 

I6it00 

2.22 

1 .39 

0.90 

Si  1  1  1 

25600 

2.21 

1  .53 

0.9*4 

Si  IV 

25600 

2.03 

1  .20 

0.87 

01  1  1 

25900 

1.39 

0.99  ■ 

0.53 

Cl  1  1  1 

2'*200 

2.38 

0.9'» 

0.58 

NI  1  1 

2'4300 

1.58 

0.10 

0.62 

averaged 
val ues 


1.56  1.0*4  0.69 
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ETALONNAGE  D'UNE  CHAINE  DE  DIFFUSION  EN  VUE  DU  DIAGNOSTIC  DES  PLASMAS 


Y.  Alayli   and  M.  Skowronek. 


Laboratoire  de  Physique  et  Optique  Corpusculaires  (Plasmas  Denses),  Université  Pierre  et  Marie  Curie 
JCour  12,  ES,  75230  Paris,  Cedex  05,  France. 
Université  Libanaise,  Département  de  Physique,  Beyrouth-Liban. 


1    -  Introduction 

La  diffusion  Thomson  d'un  faisceau  laser  est 
souvent  utilisée  pour  mesurer  la  densité  élec- 
tronique et  la  température  des  plasmas  . 
La  température  est  déduite  de  l'élargissement 
Doppler  de  la  radiation  diffusée  alors  que  la  den- 
sité électronique  est  déduite  de  la  mesure  de 
l'intensité  totale  intégrée  sur  toutes  les  lon- 
gueurs d'onde  et  exige  une  calibration  absolue 
de  la  chaîne  de  diffusion.  On  utilise  pour  cela 
la  diffusion  Rayleigh  dans  les  gaz  dans  les  mê- 
mes conditions  géométriques.  Cependant  cer- 
taines mesures  absolues  de  section  efficace  de 
diffusion  effectuées  avec  un  laser  à  rubis  mon- 
trent un  désaccord  avec  les  valeurs  théoriques: 
George  et  al  [ij  trouvent  des  valeurs  deux 
fois  plus  grandes  à  60°  de  la  direction  de  pro- 
pagation du  faisceau  laser  incident,  Skowronek 
et  al  [^2j  trouvent  des  valeurs  deux  fois  plus 
petitesà  90'   et  avec  des  impulsions  lasers 
brèves. 

Dans  une  récente  publication  [^3j  nous  avens 
montré  que  la  section  efficace  de  diffusion  Ray- 
leigh dépend  de  la  largeur  d'impulsion  At  sui- 
vant l'expression  : 

^  -^1 


th 


-(  1  -  exp 


(1) 


où  S        et  S  ,   sont  respectivement  les  sections 
exp  th 

efficaces  expérimentale    et  théorique, 

^x  -  ï  '  ■  ^ 

d'amortissement  due  à  l'émission  de  la  lumiè- 
re et  «tf  est  une  constante  de  temps.  Les  résul- 
tats expérimentaux  sont  représentés  sur  la  fi- 
gure 1,  la  durée  d'impulsion  va  de  6  ns  à  2  00ns. 
£i]t.  V.George,  UGoldstein,  USlama,  M.  Ydo>ama 
Phys.Rev.  .  1  37A  .  369  (1965) 

[zJSkowronek,  Y.  Vitel ,  Y.  Ala^i ,  C.Bayer  ,  Hiys.  Lett. 
51  A,  107  (1975) 


Fig.  1  :  Variation  de  S^^^/S^^  avec  la  durée 
d'impulsion  ZXt. 

La  courbe  représente  l'expression  (1) 
2  -  Résultats  expérimentaux 

Dans  un  premier  temps,  la  diffusion  de  la 
lumière  à  90°  de  la  direction  de  propagation 
du  faisceau  laser  incident  a  été  étudiée.  Les 
sections  efficaces  de  diffusion  ont  été  mesu- 
rées à  différentes  longueurs  d'onde  (651,7  nm; 
594,2  nm  et  481,5  nm)  à  l'aide  d'un  laser  à  co- 
lorants accordable  ;  la  durée  des  impulsions 
lumineuses  varie  peu  autour  de  2  ns.  On  a 
également  utilisé  la  longueur  d'onde  du  laser 
à  azote  de  pompe  (  337,1  nm)  dont  la  durée 
d'impulsion  est  de  4  ns.  La  forme  de  l'impul- 
sion délivrée  par  le  laser  à   colorants  est  soi- 
gneusement étudiée  pour  tenir  compte  de  l'ef- 
fet de  la  présence  d'une  base  large  qui  rend 
difficile  la  définition  d'une  durée  d'impulsion. 
La  constante  de  temps  eg  est  proportionnelle 
au  carré  de  la  longueur  d'onde  comme  l'est 

,  le  rapport    -t?^/«(S  est  donc  indépendant 
de  X    '  Les  résultats  expérimentaux  sont  re- 
présentés sur  la  figure  2  .  Pour  des  impul- 
sions de  longue  durée  la  variation  en  1 /A**  de 
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la  section  efficace  expérimentale  est  vérifiée. 
La  variation  de  la  section  efficace  de  diffusion 
avec  l'indice  de  réfraction  a  été  étudiée  (dans 
15  gaz  différents  )  ;  la  formule  (1)  permet  de 
déterminer  pour  chaque  gaz  une  constante 

de  temps,  elle  est  proportionnelle  au  diamètre 

moléculaire  de  Lennard- Jones.   Les  résultats 

sont   représentés  figure  3. 


Fig.  3  :  Variation  de  la  constante  de  terrps 
avec  le  diamètre  moléculaire  de  Lennard- Jones 


La  répartition  angulaire  de  l'intensité  dif- 
fusée a  été  ensuite  étudiée.  Le  gaz  utilisé  est 
l'argon  et  la  source  de  lumière  est  le  laser  à 
rubis  déclenché  At  ~  30  ns.   Le  volume  diffu- 
sant est  proportionnel  à  l/sin0  (  9  est  l'angle 
de  diffusion  )  ce  qui  a  été  vérifié.  L'indicatrice 
de  diffusion  déterminée  par  George  et  al  QlJ 
est  recalculée  en  tenant  compte  de  la  correction 
du  volume  diffusant,   ses  résultats  sont  en  bon 
accord  avec  les  nôtres  pour  des  durées  d'im- 
pulsion longues.   Pour  chaque  angle  Q  ,  une  cons 
tante  de  temps  est  déterminée  par  (1);  elle  est 
proportionnelle  à  sinô/2  ;  les  résultats   sont  re- 
présentés sur  la  figure  4. 


 o7î  5^4  els  sis  ^ 

  Sin  0/2 

Fig.    4  :  Variation  de  la  constante  de 
temps  avec  sin  Ô/Z, 
3  -  Conclusion 

Nous  avons  étudié  la  diffusion  de  la  lumière 
par  des  techniques  qui  nous  ont  permis  de  met- 
tre en  évidence  l'influence  de  l'échange  de  quan- 
tité de  mouvement  entre  les  photons  incidents 
et  les  photons  diffusés. 

Nous  avons  montré  quelles  sont  les  limita- 
tions de  l'étalonnage  d'une  chaîne  de  diffusion 
Rayleigh,  mais  nous  ne  savons  pas  jusqu'à 
présent  dans  quelle  mesure  la  difiusion  Thom- 
son elle  même  est  affectée  par  les  durées  brè- 
ves des  impulsions  des  lasers  de  diagnostic. 


[^33Y.Alayli  et  M.Skowronek,  Symposium  on  Fhy- 
sics  of  loniaed  Gases,  Cont.  pap.  ,  p.  379, 
Ed.  Navinsek,  Dubr ovnik  (1  976) 
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METAL  ATOM  DENSITY  BY  ATOMIC  ABSORPTION  SPECTROSCOPY  IN  A  D.C.SPUTTERING  DISCHARGE 


C.  Fourrier,  G.  Lemperiere  and  J.M.  Poitevin. 


INTRODUCTION  -  At  the  présent  time,  the  use  of  ato- 
mic  absorption  spectroscopy  for  concentration  mea- 
surements  of  a  métal  vapour  in  sputtering  glow  dis- 
charges is  not  widely  developped.  We  shall  présent 
here  some  spécifie  problems  which  arise  when  this 
method  is  used  in  a  d.c.  sputtering  discharge, and 
on  the  base  of  results  concerning  the  titanium  we 
shall  show  what  kind  of  information  one  can  obtain. 
EXPERIMENTAL  SET-UP    -    DISCHARGE  CHARACTERISTICS . 

The  d.c.  diode  sputtering  apparatus  has  been 
previously  described  [l] .  The  gap  between  the  mo- 
vable  électrodes  is  30  mm.  The  abnormal  discharge 
sustained  at  an  argon  pressure  of  80  x  10  Torr 
shows  a  well-developped  cathodic  glow,  followed  by 
a  dark  space  with  its  boundary  at  9  mm  from  the 
cathode  and  a  négative  glow  (N  G)  spreading  up  to 
the  anode  (A) . 

Fig.  1 


The  titanium  atoms  of  the  target  (C)are  ejected 
as  a  resuit  of  bombardement  by  gas  ions  from  the 
discharge.  Thèse  sputtered  atoms  are  scattered  and 
diffuse  through  the  discharge  chamber  (0  =  370  mm) 
most  of  them  being  deposited  on  the  anode. The  light 
source  is  a  titanium  hollow  cathode  lamp  (HCL) .  The 
spectrometer  has  a  resolving  power  of  "0.1  A. 


MEASUREMENTS  OF  THE  POPULATION  DENSITIES  OF  THE 
3 

a  F  LOWER  STATE  —  We  employ  the  method  of  absorp- 
tion of  lines  [2j 

1)  A  grid  (G)  at  the  anode  potential  limits  the 
diffusion  zone  and  defines  the  length  ^  of  the  ab- 
sorbing  layer. 

2)  We  measure  the    population  densities    N.  of  the 

lowest  triplet  term  a^Fj ,  a^Fj,  a^F;^   (0.00  ;  0.021; 

0.048  eV) .  The  small  excitation  température  implies 
\ 

that  —  is  négligeable  for  the  observed  transitions. 
We  have  measured  Tgjjj.-0.2eV  at  any  discharge  power  P. 

3)  Interferometric  measurements  have  shown  that  the 
résonance  lines  have  no  significant  hyperfine  struc- 
ture [3]  . 

4)  Titanium  atomic  lines  near  the  target  are  broa- 

dened (-x-0 .  3A)   (Most  probable  éjection  energy=3.3  eV)  . 

A  narrowing  of  their  width  is  observed  through  the 

dark  space.  Thus  the  métal  atoms  have  a  decreasing 

température  from  C  to  A.     The  reported  measurements 

have  been  made  on-axis,5ram  from  the  anode  where  the 

titanium  atoms  are  thermalized.   (T  =  425  K  ->■  V  )  . 

P 

5)  The  knowledge  of  a,  ratio  of  the  Doppler  widths 
in  the  HCL  and  in  the  discharge  is  necessary  for 
the  obtention  of  k"l.  Because  the  radiation  of  the 
excited  atoms  close  to  A  is  proportional  to  the  dis- 
charge power  P  [1] ,  k^l  must  be  proportional  to  P. 
This  i^plies  1.4  <  a  <  1.6.  Double  path  method  mea- 
surements have  shown  that  a  >  1.2  at  1 5  mm    from  C. 
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can  be  deduced  is  "vlSxIO 


=  9xl0'°cm  .min"  . 


50  Pl\N) 

Fig.2  shows  the  results  obtained  from  3642A  and  em- 
phasizes  the  error  made  on  the  variation  law  and  the 
population  densities  if  one  assumes  a  =  0  or  a  =  1 . 


/O  20  30  40  50  P(W) 

The  results  for  a^F;^,  obtained  from  several  re- 
;  lines  are  reported  on  figure  3.  An  identi- 
cal  work  has  been  made  for  a^Fj  and  a^Fj. 
6)  The  values  of  the  absolute  oscillator  strengths 
f£^  are  widely  dispersed  (50  to  100%).Only  the  a^F- 
y^F"  transitions  give  consistent  results.  Using  the 
data  of  Whaling  [a]  for  thèse  transitions  we  deduce 
other  f^^  values  from  our  results. 

Fig.  4  gives  the  mean  population  densities.  For 
60W  the  population  density  of  the  three  levels,5  mm 
away  from  the  anode  reaches  '^'AxlO^^cm  ^.Fig.5  shows 
the  concentration  gradient  near  the  anode. 

The  déposition  rate  of  ground  state  atoms  which 


Fig.  4 

3642  Â 

•  N(a%); 

3653  Â 

3635  À 

:  / 

10 

20            30  40 

50     P  fWJ 

Gravimétrie  measurements  have  given  a  déposition 
rate  of  1 1-I3xl0^^cm~2.min~' [l] .For  T=500K  we  would 
have  obtained  12xl0^^cm~^.min~' . 

CONCLUSION  —  The  foregoing  example  illustrâtes  the 
difficulties  to  obtain  accurate  density  values. More 
precisely  the  knowledge  of  the  Doppler  breadths  of 
the  émission  line  and  the  absorption  line  is  needed 
if  correct  variation  laws  are  to  be  deduced. We  think 
that  the  limitation  of  the  absorption  length  and 
the  détermination  of  the  excitation  température 
have  allowed  the  obtention  of  satisfactory  results 
concerning  the  corrélation  between  the  ground  state 
atom  density  and  the  déposition  rate. 
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)SITIVE  ION  EXTRACTION  BY  AN  ANODIC  ORIFICE  PROBE 


H.G.  Lergon  and  K.G.  MûUer. 

Faahbereiah  Physik,  Universitât  Essen-Gesamthochsahule,  43  Essen,  Fed.  Rep.  of  Germany. 


Abstract 

From  a  nonthermal  plasma  ions  are  extract- 
ed  by  an  orifice  probe  being  anodic,  i.e. 
positive  with  respect  to  plasma  potential. 
In  front  of  the  orifice  a  secondary  plasma 
is  observed  providing  an  intense  source 
for  ion  extraction.  The  extraction  mecha- 
nism  can  be  explained  by  a  potential  of 
the  secondary  plasma  above  probe  poten- 
tial. The  thermal  énergies  of  the  ions 
from  the  secondary  plasma  are  of  the  or- 
der  of  1/10  eV. 

Introduction 

The  extraction  of  positive  ions  from  a 
plasma  by  an  orifice  probe  is  strongly  in- 
fluenced  by  the  potential  of  the  probe. 
Increasing  it  and  thus  changing  from 
cathodic  to  anodic  probe  the  extracted 
ion  current  drops  to  small  or  even  negli- 
gible  values,   until  it  finally  rises  again 
(see  e.g.  Pahl,  Lindinger,  Howorka  ^). 
This  current  increase  has  been  explained 
by  ionization  in  the  orifice  or  the  ad- 
jacent région  behind.  A  corresponding 
mass  analysis  of  the  ions  has  been  recom- 
mended  for  the  investigation  of  the  neu- 
tral  gas.   In  own  experiments  we  find  an 
increase  of  the  collected  ion  current  up 
to  values  an  order  of  magnitude  larger 


than  those  for  cathodic  probes.  Parallel 
to  this  effect  the  formation  of  an  intense 
secondary  plasma  in  front  of  the  anodic 
probe  can  be  observed.  Apparently  the  se- 
condary plasma  provides  an  ion  source.  In 
the  following  the  ion  extraction  from  this 
ion  source  will  be  investigated . 

Experiment 

The  nonthermal  plasma  of  a  positive  column 
in  Argon  is  analyzed  by  a  combined  mass 
spectrometer  -  probe  diagnostic   (see  Ler- 
gon and  Muller  ^) .   By  an  orifice  probe 
ions  are  extracted  into  a  mass  spectrome- 
ter allowing  a  retarding  field  analy- 
sis of  ion  energy.  The  expérimental  para- 
meters  are:   discharge  diameter  2,8  cm; 
pressure  0,056  rabar;  discharge  current 
30  mA;  orifice  probe  diameter  0,62  cm; 
orifice  diameter  SOym;   orifice  depth  50ym. 
By  this  diagnostic  the  probe  characteris- 
tic,   probe  current  1^  versus  probe  voltage 

U  ,  and  the  ^°Ar"''~characteristic ,  ion  cur- 
P 

rent  I^'^  versus  probe  voltage  Up,are  mea- 
sured  (see  Fig.1).  By  a  retarding  voltage 
of  a  few  volts  the  low  energy  component, 
attributed  to  the  secondary  plasma  (sub- 
script: sec)  can  be  suppressed  and  thus 
separated  from  the  high  energy  component, 
attributed  to  the  main  plasma  (subscript: 
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Discussion 


Fig.  1: 


Probe  characteristic  I    (U  ) ,  ion 


characteristics         (U^)   of  high  energy 
component   (subscript:  main)   and  low  energy 
component   (subscript:  sec) 


Retarding  field  characteristics 
^)    for  différent  probe  currents 
U        =  const   (référence  voltage) . 


main) .  For  a  set  of  probe  voltages,  in 
Fig.  1  indicated  by  arrows,  retarding 
field  characteristics,  i.e.  currçnt  I^' 
versus  retarding  voltage  U^^^,  are  tak 
(see  Fig.   2) . 


40 


40 

The  high  energy  component  ^^.j^^j^j^  of  Fig.  1 
is  attributed  to  ions  stemming  from  the 
main  plasma,   being  heated  up  in  the  pre- 
sheath  in  front  of  the  wall  ^.  Their  tem- 
pérature agrée  with  the  électron  tempéra- 
ture at  the  wall   (see  Table  1).  The  low 
energy  component,   attributed  to  the  se- 
condary  plasma,   shows  températures  in  the 
range  of  1/10  eV/k,   falling  with  increas- 
ing  Up.  Assuming  a  potential  distribution 
possessing  a  flat  maximum  in  the  secondary 
plasma  and  a  positive  sheath  in  front  of 
the  probe  the  usual  extraction  mechanism 
exists.  Thus  for  an  anodic  orifice  probe 
the  existence  of  an  additional  ion  source, 
provided  by  the  secondary  plasma,   bas  to  be 
taken  into  account. 


T_^=  0,24  eV 
T  =  0,16  eV 


plai 


Ion  and  électron  temperatu 


measured  by  différent  methods 
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MEASUREMENT  OF  ELECTRON  DENSITY  BY  ELECTROMAGNETIC  WAVES 
WmCH  PROPAGATE  ON  A  MAGNETIZED  PLASMA  COLUMN 


D.M.  Sulic. 

Geomagnetia  Institute  -  Grocka,  ïugoslavia. 
INTRODUCTION 

The  détermination  of  électron  densities  in 
plasmas  from  surface  wave  propagation  data  has 
been  performed  by  Ilié  /I/.  In  this  paper  we  de- 
scribe  an  extension  of  this  technique  to  axially 
magnetized  plasma  columns. 

EXPERIMENTS 

Axially  symmetric  waves  have  been  launched 
and  propagated  on  the  long  positive  column  of  a 
sealed-off  mercury  vapour  diode.  The  tube  is  cen- 
tered  in  a  magnetic  bench  producing  a  nearly  ho- 
mogeneous  axial  magnetic  field  (Fig.1). 


Fig.1.  Discharge  tube  (1),  Thermostatic  bath  (2), 
Power  supply  for  magnetic  bench  (3),  Coaxial  laun- 
cher  (4),  Receiver  (5),  Signal  Generator  (6), 
Balance  mixer  (7),  Sélective  amplifier  (8),  X-Y 
recorder  (9). 

Measurements  were  made  at  constant  mercury  va- 
pour pressure  of  1.2x10'  torr  and  at  various  values 
of  magnetic  induction  which  was  veried  from  0  to 
46,1  mT.  The  oscillator  frequency  was  changed  in 
steps  of  lOMHz  from  461  Gauss.  The  discharge 
current  was  either  50mA  ar  100mA. 

The  wavenumber  k  was  determined  from  chart 
recorder  plots  of  wave  patterns  obtained  with  the 
aid  of  an  interferometer  involving  a  balanced 
mixer. 


THEORY  AND  INTERPRETATION 

The  dispersion  relation  of  axially  symmetric 
el ectromagnetic  waves  on  an  axially  magnetized 
plasma  column  of  radins  a_  enclosed  in  a  glass  tube 
of  outer  radius  b  and  surrounded  by  free  space  is 
derived  from  approximation  and  boundary  conditions 
and  reads 


The  plasma  is  assumed  to  be  cold,  lossless  an^ 
homogeneous.  The  notation  is  as  fol lows :iUn=r-5r 
and  n  =  — p^are  electrçn  plasma  and  cyclotron 
frequencies,£i=1--;^j^ij^   £»  =  l-^are  respecti- 
vely  the  normal  and  parai lel  components  of  the 
dielektric  tensar,  and£r=4,8  is  the  dielektric 
permittivity  of  the  tube  glass.  The  notation  for 
the  various  Bessel  functions  is  standard.  The 
ratio  of  outer  and  inner  glass  radii  b/a  is  1,28. 

The  dispersion  relation  was  solved  by  running 
an  appropriate  computer  program  /2/.  Depending  on 
the  radial  structure  of  the  plasma,  an  infinité 
number  of  axially  symmetric  modes  exist.  Of  thèse 
Only  the  lowest  mode  is  acctually  excij^ted  with 
launchers  located  outside  the  plasma.  The  excita- 
tion of  higher  axially  symmetric  modes  would 
necessitate  launchers  within  the  plasma  to  appro- 
ximate  the  radial  variatiouns  of  thèse  modes, 
which  involves  severel  half  wave  variations  along 
the  radius. 

The  dispersion  relation  of  the  lowest  mode 
is  found  as  a  family  of  ourves  of  the  type 
»u/u)p=f(ak)  withn/ujpas  a  parameter.  The  main 
difficulty  of  the  method  is  that  a  change  in  the 
magnetic  field  causes  both  a  change  in  électron 
density  and  in  the  parametern/uJp  .  This  was 
circumvented  by  running  an  itération  process 
which  départs  from  assumed  values  of  électron 
density. 
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The  consistency  of  the  method  was  tested  by 
plotting  électron  plasma  density  vs.  arc  current 
(Fig  2).  With  a  fixed  magnetic  field,  the  électron 
température  is  constant  and  électron  density 


should  consenquently  be  a  linear  function  of  arc 
current. 


50  100 

Fig  2. 


Figure  3  is  a  plot  of  électron  density  vs. 
magnetic  induction.  This  provided  another  check 
of  consistency,  as  it  was  possible  to  prove  that 
plasma  luminosity  varies  with  magnetic  field  in 
very  much  the  same  vay. 


r  10  1  1 

3  n[lO  ^\ 


,1  bM 

10        20        30  ^0 

Fig  3. 

CONCLUSION 

In  although  many  refinemants  of  the 
interprétation  of  wave  data  could  be  suggested, 
eg.  to  include  plasma  inhomogeneity,  warm  and 
hot  plasma  effects  it  appears  that  the  simple 
nagneto-ionic  theory  in  the  quasistatic  version 
reflects  most  of  the  salient  features  of  the 
experiment. 
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An  approximative  analytical  method 
:or  calculating  the  scattering  S  matrix''" 
las  been  applied  for  calculating  broaden- 
.ng  of  some  Hel    (n=3-*n=2)    lines,  making 
ise  of  the  quantum  theory  of  the  Stark  br- 
jadening  of  isolated  neutral  lines. ^  We 
;tart  from  the  standard  formula"^  for  the 
lalf-halfwidth  and  shift   (atomic  units  are 
ised,   unless  otherwise  stated) : 


+id 


(-) 


(2S  +1)  (2l:  +  1)  X 


(1) 


lere  subscripts  refer  to  the  initial  (i) 
id  final   (f)   levels  of  the  transition,  su- 
srscript  T  to  the  whole  perturber-emitter 
^stem  and  the  capital  letter  quantum  nura- 
srs  to  the  emitter.  N  is  the  électron  den- 
i-ty/  t    i  Z'  dénote  angular  momentum  quantum 
imbers  before  and  after  collision,  respec- 
Lvely  and  f (v)    is  the  velocity  distributi- 
n  of  électrons. 

The  diagonal  S  matrix  éléments  S.,S^^ 
re  usually  obtained  by  solving  correspon- 
ing  set  of  coupled  integro-dif f erential 
guations.'^  If  one  retains  only  dipole  terms 
f  the  direct  potential  matrix,^  neglects 
xchange  terms  and  accounts  for  the  pertu- 


rbing  levels  which  belong  only  to  n=3  (n=2) 
hélium  states,   then  the  S  matrix  can  be 
calculated  by  approximate  expression"*"  : 
S  =  kl/2  ^i^e-  (2) 
where  K  is  a  diagonal  matrix  of  the  pertu- 
rber momenta,  U  is  a  unitary  matrix,  defi- 
ned  by^: 

Û  ^  \_i  il  +  1)   -  v]û  =  ^(^+  1)  ^  (3) 
and  :  V  =  v/r^  is  the  dipole  potential  ma- 
trix. Diagonal  matrix  1)  détermines 
real  numbers: 


-  \2    r  j   +^/2^  (U.   #  (M.*. 


1 


i  A  . 


(A  .-  real)  , 


In  case:  f 

^  j  j 

have  : 

tan        =  tanh   (7rAj/2)   cot  (  A  ^En  (k  ^/K^)  { 5) 
where         is  given  by   :         =  2 (E-E^) ,  E  be- 
ing  the  energy  of  the  résonance  parent  sta- 
te  and  E^  dénotes  corresponding  négative 
ion  (in  our  case  -  He~) .  Further,  we  have  : 


k. 


(6) 


^i  ~  2  '^l'"  ''i'  "  2'^f ' 

=  k^l  +Ak^l   ,         =  k^l  (8) 
where  k^^   is  the  arithmetic  mean  of  two 
mutually  most  separated  sublevels,  £j  is 
the  energy  of  the  substate  and   co*^^  is  the 
angular  frequency  of  the  transition. 


We  calculate  half-halfwidth  and 
shift  for  the  transition  :   Hel  ( 3"^P°-2^S)  , 
multiplet  2.   In  this  particular  case  eg. 
(1)   takes  the  form  : 

w+id  =  6  {ïr.n  (kT)  Y2  (2L^+1)  X 

1 

Jv  dv  exp(-v^/2kT)  [l-  exp{i(j'j^-^'^f  ^)}X 


Quantities  needed  for  evaluating  eq.  (9) 
are  given  in  Table  1. 

Table  1.  Multiplet  2;  \  =  3888.7  8 


Atomic  state 
Energy  (eV) 
He~  state 
Résonant  energy 
K  (au) 


23,006 

22.650 
0.1647 


2-^3 
19.812 

2^3 
19.367 
0  .1809 


As  shown  in'''  applicability  of  the 
présent  method  for  evaluating  S  matrix  is 
restricted  to  not  too  small  energy  région 
and  is  determined  by  the  following  condi- 
tions : 

v2^inax(Ak..  ,Akf^),  Vi',  f  (10) 
In  our  case,  it  means  that  calculated  ré- 
sulte are  not  reliable  for  plasma  tempéra- 
ture below  30000.  K. 

Computations  for  the  line  quoted 
are  in  progress.  We  hope  to  présent  nume- 
rical  results,   as  well  as  for  some  other 
Hel (n=3  -»  n=2)    lines,  at  the  Conférence. 

The  présent  investigation  has  been 
carried  out  under  the  financial  support 
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The  aim  of  this  paper  is  the  détermination  of 
!ome  parameters  of  high  pressure  plasmas. 
'rinciple.  High  pressure  plasma  columns  can  be  prc 
luced  by  means  of  a  surface  wave  generator  :  the 
[l] .  Thèse  plasmas  are  highly  collision; 

10  torr  in  argon)  and  dense 
;m    ) .  Consequently  we  have  ch( 
method  for  diagnostic,  the  de- 


;e.g.  V  ~-  lo'V 
;typically  n  =  1 
;en  as  experimei 
;ermination  of  t 
;rowave  (X  =  3cr 
reated  in  very 


he  refle: 


)eff  i( 


of  , 


lent  on  the  plasma  column 
quartz  tubes  (int.  dia.  ab- 
lut  l-2mm),  and  placed  as  a  cylindrical  post  in  a 
ectangular  waveguide.  Then  a  numerical  method  [2] 
llows  us  to  estimate  some  plasma  parameters  as, 
or  instance,  density,  radial  density  profile,  col- 
ision  frequency  and  plasma  ladius,  from  the  expe- 
imental  values  of  modulus  and  phase  of  R.  The  cal- 
ulated  values  of  R  are  also  compared  with  those 
btained  from  an  extension  of  Marcuvitz  variational 
lethod  [3]  . 

alculation.  We  assume  for  the  plasma  column  a  con- 
entional  dielectric  description,  where  the  losses 
re  dépendent  on  a  global  collision  frequency  v.The 
adial  distribution  of  the  électron  density  is  pa- 


abolic 


2 


here  N^^  is  the  density  on  the  cylindrical  axis, 
1  is  the  column  radius  and  a  a  variable  parameters 
f  profile  with  Oéa^l.  The  reflexion  coefficient  of 
he  plasma  column  in  rectangular  waveguide,  excited 
n  TE(l,0)mode  polarized  along  the  cylinder  axis, 
s  numerically  calculated  by  the  amplitudes  of  the 
essel-Fourier  cylindrical  modes  of  scattering  in 
aveguide.  The  numerical  code  [h],  for  the  calcula- 
ion  of  this  coefficient,  solves  an  infinité  System 
f  linear  équations  obtained  by  the  boundary  condi- 
ions  on  the  cylinder  surface  for  the  tangential 
omponents  of  e.m.  field  modes.  This  code  was  deri- 
ed  from  an  electromagnetic  model  where  the  fields 
are  Fourier  exact  solutions  of  Maxwell 's  équations 
[2]  [5]. 

In  the  cylinder,  three  régions  may  be  con- 
sidered:  I)  plasma  0^r<Pj,II)  vacuum  shell  P|$r<p^, 
III)  dielectric  layer  p  ^r^p  . 
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The  calculation  results,  for  the  appropriate  ge- 

ometry  and  variation  range  of  électron  density,  are 

obtained  for  three  values  of  the  plasma  radius  p  = 
-5 

0.50,0.65,0.85mm,  v/u)=  0.0,1.0,2.0  and  a=10  ,1.0. 
Thèse  calculation  values  are  practically  coincident 
(ô<l%)with  those  obtained  with  the  Marcuvitz  varia- 
tional method (a=0) [3J .In  Fig.l  are  shown  the  re- 
sults for  the  case  a=l .0. 

Measurements.  The  expérimental  value  of  the  refle- 
xion coefficient  modulus  and  phase  is  obtained  by 
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VSWR  measurements  in  standard  waveguide(X=3cm) .The 
discharge  tube  is  pierced  across  the  waveguide  and 
centered  in  the  transversal  section  through  two  ho- 
les  having  a  diameter  (6iiim)  twice  with  respect  to  the 
tube  diameter (3nim) ,made  on  the  waveguide  large  wal- 
Is.The  tube  is  centered  in  the  holes  with  a  préci- 
sion of  about  O.Smm.The  systematic  errors  of  measu- 
rement  on  the  modulus  and  phase  of  R  are  respecti- 
vely  ej^=±6%  and  eg=±2%.The  expérimental  results(ar- 
gon, f requency  lOGHz)  are  shovm  in  Fig.2  versus  RF 
absorbed  power  by  the  surfatron  plasma(2450MHz) ,and 
for  the  pressure  values  of  10,50, 150and  760  torr. 
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Fig.2. Variations  of  modulus  and  phase  of  R  in  Argon 
for  several  pressures  versus  absorbed  power  in 
plasma. 

Resuit  interprétation. The  values  of  plasma  parame- 
ters.estimated  through  a  comparison  between  expéri- 
mental and  calculation  results,  are  plotted  in  Fig3 
versus  pressure. The  fitting  is  obtained  within  a 
maximum  déviation  of  10%  for  the  modulus  and  40%for 
the  phase  of  R,  without  taking  into  account  the 
measurement  errer s. The  maximum  value  of  déviation 
on  e/n  dérives  essentially  from  the  présence  of  the 
holes  for  tube  support  on  the  waveguide  walls.  If 
the  fitting  is  performed  by  using  the  calculation 
results  obtained  for  a=10  ^,the  enhancement  of  the 
calculation-experimental  déviations  are  of  the  or- 
der  of  15  to  20  %. 

Conclusions. This  study  gives  us  the  three  following 


information  on  the  behaviour  of  surfatron  plasmas  : 
the  density  profile  is  approximately  parabolic  ex- 
cept  for  very  high  pressure(e.g. lOOtorr  in  argon 
and  the  atmospheric  pressure  in  neon)where  the  pro- 
file tends  to  become  flat,this  conclusion  is  also 
valid  for  RF  absorbed  power  values  higher  than  100 
watts ;that  is  at  the  same  pressure  the  plasma  does 
not  fin  the  quartz  tube, the  losses,  expressed  by 
the  v/o)  term,are  not  proportional  to  the  pressure. 
In  conclusion  this  reflexion  method  can  be  conside- 
red  as  a  powerful  tool  to  estimate  the  plasma  den- 
sity and  other  plasma  parameters .Moreover  the  va- 
riational  Marcuvitz  method  is  easier  than  the  me- 
thod here  used  but  gives  only  an  approximate  avera- 
ged  density  value. The  more  important  information 
here  obtained  is  the  estimation  of  the  density  gra- 
dient in  high  pressure  plasmas. 
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Fig. 3. Comparison  of  Argon  and  Neon  parameters  in 
surfatron  discharges. 
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I.   Introduction:     In  an  earlier  paper  /!/  it  has 
been  demonstrated,  how  a  stationary  hydrogen  arc 
discharge  can  be  used  as  a  true  primary  source  of 
spectral  radiance  in  the  Balmer  région,  i.e.  between 
12A  and  360  nm.  The  method  is  based  on  the  fact  that 
the  H  continuum  émission  coefficients  are  calculable 
within  a  few  percent,  since  the  theoretical  cross 
sections  are  exactly  known.  For  an  optically  thin 
plasma  layer,  as  realized  in  the  Balmer  range,  the 
spectral  radiance  can  be  predicted  with  similar  ac- 
:uracy.  In  the  following,  an  arc  standard  source 
below  100  nm  will  be  described,  now  involving  the 
jptically  thin  Lyman  résonance  continuum  of  hydro- 
gen. While  the  basic  idea  is  ^ ery  similar  to  the  one 
Ln  /!/,  self-absorption  problems  are  now  much  more 
:ritical  and  can  only  be  overcome  by  a  hélium  gas 
séparation  in  the  arc. 

[I.  Experiment:     A  stationary  plasma  is  generated 
Ln  a  cascaded  arc  chamber  /2/  (2mm  0,  £=54mm) .  The 
îrc  is  operated  between  80  and  100  A  at  atmospheric 
pressure.  The  plasma  column  is  observed  end-on  from 
two.  sides  by  two  monochromators,  a  2m  instrument  for 
Hhe  visible  and  uv  range  and  a  Im  for  the  far  vuv. 
rhe  gênerai  expérimental  set-up  is  very  similar  to 
:he  one  in  /l/,  except  for  a  three-stage  differen- 
:ial  pumping  System,  now  Connecting  the  arc  chamber 
ind  the  vacuum  tank.  The  first  capillary  of  this 
System  is  0.8mm  wide  and  located  2mm  from  the  anodes, 
[n  the  vuv,  a  channeltron  detector  is  used  in  photon 
;ounting  mode.  The  counting  rates  can  be  stored  di- 
5itally  on  magnetic  tape  or  plotted  on  a  stripchart 


recorder  after  D/A  conversion. 

Well-defined  flow  rates  are  adjusted  for  the  gas  sé- 
paration of  H  and  He.  A  pure  He  input  of  800  8,/h  at 
the  anode,  the  vuv  end  of  the  arc,  covers  mainly  the 
gas  consumption  of  the  differential  pumping  system, 
a  small  fraction  also  streaming  into  the  discharge 
channel.  From  the  other  end,   a  mixture  of  H  and  He 
is  forced  through  the  arc.  Both  gas  flows  leave  the 
channel  together  at  a  port  mid-way  between  the  élec- 
trodes. As  a  resuit  the  arc  column  consists  of  the 
H-He  plasma  near  the  cathode,  the  radiation  of  which 
is  the  subject  of  the  présent  investigation,  and  a 
pure  He  layer  near  the  anode.  Fig.    1  shows  the  re- 
corded  vuv  spectrum  for  80  A.  Below  100  nm  the  high- 
er  Lyman  lines  merge  into  the  advanced  séries  limit. 
Then  follows  the  H  résonance  continuum,  superimposed 
by  some  impurity  lines  (Ar  has  been  used  during  ig- 
nition).  The  résonance  lines  of  He  are  self-revers- 
ed  in  the  cooler  He  layer  at  the  anode.  Below  50.4 
nm,  the  He  séries  limit,  ail  radiation  is  completely 
reabsorbed.  Thus ,  the  hydrogen  continuum  radiation 
can  be  used  for  calibration  purposes  from  53  to  92 
nm.  The  spectrum  in  Fig.    1  has  been  corrected  for 
the  vuv  System  response  according  to  calculations 
of  the  H  spectral  radiance  as  described  below. 
III.  Plasma  Diagnostics:     The  recorded  end-on  spec- 
tra  consist  of  line  and  continuum  radiation,  emittEd 
by  the  H  as  well  as  the  He  layers  of  the  arc.  In  or- 
der  to  isolate  the  H  continuum  (only  necessary  in 
the  uv  région),  measurements  have  also  been  made  for 
pure  He  in  the  whole  arc.  From  the  ratio  of  the  Hel 
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318.8  nm  line  intensities  in  pure  He  and  in  the 
above  configuration,  an  effective  He  length  bas  been 
derived  and  the  respective  continuum  signais  bave 
been  subtracted  from  the  total.  The  électron  density 
is  measured  from  the  half-widtbs  of  the  lines  H^^  and 
H^.  For  the  bydrogen  concentration  0^^=20%,  the  re- 
suit is  Axio'^  cm"^,  varying  only  slightly  with  the 
arc  current.  The  électron  température  T^  is  derived 
from  the  excited  state  population  relative  to  the 
électron  density  (PLTE  diagnostics).  Again,  for  c^= 
20%,  T  =19500  K  for  80  A  and  21500  K  for  100  A,  both 
values  decreasing  with  increasing  bydrogen  frac- 
tions. Under  thèse  conditions,  the  H  plasma  will  be 
very  close  to  LTE. 


Fig.  1:  Vuv  arc  spectrum,  recorded  for  1=80  A. 
IV.Calibrations  below  100  nm:  A  recombination  of  the 
free  électrons,  populating  the  same  energy  interval, 
leads  to  the  Balmer  continuum  radiation  at  A^,  wben 
the  final  state  is  n=2,  and  to  the  Lyman  continuum 
at  wben  n=l.  The  two  wavelengtbs  are  related  by 
hc/A^=bc/Xg+E2,  E2  being  the  excitation  energy  for 
n=2.  The  ratio  of  the  corresponding  émission  coeffir 


cients  must  therefore  be  a  constant,  corresponding 
to  line  branching  ratios.  Tbough  this  simple  consi- 
dération has  to  be  corrected  for  the  other  mecha- 
nisms  of  continuum  radiation  (free-free,  H  ),  it  can 
be  shown  that  the  total  émission  coefficients  in  the 
uv  and  in  the  far  vuv  are  correlated  by  a  calculable 
factor,  which  is  virtually  independent  of  températu- 
res and  densities,  if  only  the  wavelength  pairs  are 
chosen  in  an  appropriate  way.  If        is  to  remain  in 
the  easily  accessible  range  from  200  to  365  nm, 
lies  between  73  and  87  nm.  The  above  corrélation 
must  also  be  valid  for  the  spectral  radiances  of  the 
présent  arc  plasma,  provided  that  the  radiation  re- 
mains optically  thin.  A  measurement  of  the  optical 
thickness  is  therefore  simply  achieved  by  plotting 
the  recorded  vuv  vs.   the  uv  signais.  The  resuit  is 
indeed  a  straight  line  through  the  origin  up  to  c^^ 

25%.  Above,  an  increasing  influence  of  self-ab- 
sorption is  observed,  which  corresponds  approximate- 
ly  to  LTE  estimâtes.  Having  thus  excluded  possible 
boundary  or  non-LTE  effects,  the  spectral  radiance 
in  the  mentioned  vuv  région  can  be  calculated  very 
accurately  from  a  calibration  of  the  H  continuum  in 
the  uv  range  (uncertainty  about  5%).  For  an  appli- 
cation at  other  wavelengtbs  the  slope  of  the  Lyman 
continuum  must  be  derived  from  the  température  diag- 
nostics, leading  to  error  bars  of  about  15%  at  53 
nm.  In  the  présent  experiment,  this  H  vuv  standard 
has  already  been  used  for  measuring  the  continuum 
radiation  of  the  pure  He  arc  between  65  and  92  nm. 
An  excellent  consistency  of  thèse  results  with  re- 
spective theoretical  calculations  confirms  the  va- 
lidity  of  the  described  concept, 
/l/  W.R.  Ott,  K.  Behringer,  and  G.  Gieres,  Appl. 

Opt.  JI4_j^  2121  (1975) 
/2/  H.  Maecker  and  S.  Steinberger,  Z.  angew.  Phys. 
23,  456  (1967) 
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rHEORY  OF  THE  SHEATH  EDGE  IN  A  WEAKLY  lONUZED  COLLISION  DOMINATED  PLASMA 


K.U.  Riemann. 

Institut  fiir  Theoretisahe  Physik,  Ruhr-Univevsitat  Boahwm,  D-4630  Boahum,  Fed.  Rev.  Germany. 
Introduc t  ion 


Whereas  the  wall  layer  of  a  collisionless  plasma 
was  treated  long  time  ago  [ij,  there  is  little  in- 
formation oh  the  transition  from  a  collision  domi- 
nated  plasma  to  the  collision  free  space  charge 
sheath.  In  a  former  paper  [2j  we  have  given  the 
analytic  presheath  and  sheath  solutions  for  a 
simple  plasma  model.  Thèse  solutions  refer  to  two 
distinct  scales  :  The  sheath  with  a  typical  dimen- 
sion of  a  Debye  length       and  the  presheath  on  the 
scale  of  the  mean  free  path  A.  Due  to  the  singula- 
rity  of  the  problem,  however,  they  cannot  simply  be 
natched  to  a  uniformly  valid  potential  variation. 
II.  Presheath  and  sheath 

Ve  consider  a  weakly  ionized  plasma  in  contact 
vith  an  absorbing  négative  wall.  The  électrons  are 
in  equilibrium  with  the  selfconsistent  potential 
distribution.  The  ion  kinetics  is  dominated  by 
;harge  exchange  collisions  (X  =  const)  with  cold 
[T^«  T_)  neutrals.  We  refer  to  [  2]  and  use  dimen- 
sionless  quantities 

X  =  z/X    ;y  =  Mv^/2kT    ;X  =  -eU/kT_ 


(1) 


[Z  =  space  coordinate,  plasma:  z<0,  wall:  z=0; 
'lv^/2=ion  energy  ;  U=potential) .  The  normalized 
Darticle  densities  are  given  by 
k(y)-k(x) 


'  X-y 


-  k'(y)dy, 


represents  the  ion  current  density  and  k(X)=x 
the  inverse  function  of  the  potential  variation 
((x) .  From  Poisson' s  eq. 

^2 


(Xp/X)^  X  = 


(3) 


vre  expect  that  for  ->0  the  potential   is  de- 

;ermined  by  the  quasineutrality  condition, 
'his  is  true  on  the  scale  x=0(l)   of  the  pre- 
;heath.  From  [  2j  we  take  the  solution 

/hich  is  shown  in  fig.    1.  The  field 


(4) 


singularity  k'(0)=0  at  x  =  0  indica 
necessity  of  a  second  scale 

-1/2  \ 

Ç  =  x/e    with    e  =  j  -r- 


(5) 


representing  a  thin  layer   (sheath)  where 
space  charges  are  essential.  The  sheath  so- 
lution /."2J 

is  shown  in  fig.  2.  On  this  scale  the  qua- 
sineutral  région  is  infinitely  remote  and 
the  potential  te 
the  other  hand, 
into  a  vertical 


nds  to  X=0^  for  Ç  -00. 
the  sheath  is  "compress 
line   (corresponding  to 


field  singular 
nresheath. 


ty)  on  the  scale  of  the 


Fig. 
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III.  Transition  at  the  sheath  edge 
From  the  potential  variation  near  the  sheath  edge 
X  =  0  it  is  clear,  that  the  "outer"  (presheath)  and 
"inner"  (sheath)  solutions  cannot  be  matched  to  a 
sensible  uniformly  valid  solution  for  small  but  fi- 
ni te  values  of  e.  We  have  therefore  to  reinvesti- 
gate  the  problem  on  an  intermediate  scale  for  x  0 
accounting  for  collisions  and  for  space  charge. 
From  eqs.  (4)  and  (6)  it  follows 

X  =  k^(X)   =  -  I  X'+  0  (x') 

with  a  =  -  <p"itj   =  0.7367  (7) 


on  the  outer  and 
x=k. (X) =const 


■  0(X 


(8) 


on  the  inner  scale.  Comparing  the  leading  terms  we 
find  the  appropriate  scale  transformation 

Z--Sw   ,  x^%â'S 

for  the  intermediate  problem.  Physically  the  tran- 
sition région  is  dominated  by  slow  ions  emerging 
from  charge  exchange  collisions:  The  high  density 
contribution  of  thèse  ions  favours  the  formation  of 
a  positive  space  charge.  On  the  other  hand  the  loss 
of  fast  ions  due  to  collisions  can  be  neglected,  to 
lowest  order,  on  this  scale.  Consequently,  colli- 
sions have  nearly  the  same  effect  as  an  ionization 
process.  This  is  the  reason,  why  eq.(9)  agrées  with 
the  corresponding  scaling  [sjfor  the  collisionless 
Tonks-Langmuir  model.  The  systematic  development  of 
eqs. (2)  and  (3)  leads  to  the  nonlinear  integro- 
differential  équation      (^h.(.^j=  ^) 

w"=  -  ^  =  I     /   V- 

-{^       (w-u)^/2  (10) 

for  the  transition  région.  Using  a  simple  ansatz  to 
evaluate  the  intégral  this  équation  can,  to  a  good 
approximation,  be  replaced  by 

w(ç)  =       (ç)         for  ç  < 

/  \  ^^^^ 

w"=  rw(Ç)-w,(Ç^)lV2  for  Ç  < 


Fig.  3 

figs.  (4a, b)  on  the  scale  of  the  presheath  (x)  and 
of  the  sheath  (Ç) .  The  curves  demonstrate  the 
apj)roach  to  the  asymptotic  case  on  both  scales. 


The  influence  of  the  arbitrary  limit       is  only 
weak;       «  -  1.6  gives  the  best  agreement  with  eq. 
(10).  w(ç)  is  plotted  in  fig.  3.  We  see  that  it  can 
easily  be  matched  with  the  outer  (w  )  and  inner 
(w^)  solution  to  construct  the  wanted  continous 
potential  variation.  The  resuit  is  shown  in 


[l]  S.A.  Self,  Phys.  Fluids  6,  1762  (1962) 
[2]  K.-U.  Riemann,  J.  Nucl.  Mat.  76  &  77,  579(197 
[3]  R.N.  Franklin  and  F.R.  Ockendon,  J. Plasma 
Phys.  4  ,  371  (1970) 
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ARADAY  ROTATION  APPLIED  TO  A  REVERSE  FIELD  PINCH 


D.G.  Muir   and  P.G.  Carolan. 

Culham  Laboratory,  Abingdon,  Oxon,  0X14  3DB,  UK 
NTRODUCTION 


There  are  now  a  variety  of  technlquss  for  meas- 
ing  internai  magnetlc  fields  in  toKamaKs,  that 
ve  been  successfully  developed,  e.g.  light  scat- 
ering,^''^'-^^  Zeeman  splitting ^ and  Faraday 
;ion'-'*-'.     The  poloidal  field,       ,  was  the 
luantity  of  interest  since  its  distribution  deter- 
ines  the  plasma  equilibrium  and  stability  propertLes 
the  toroidal  field  distribution,  B_,[r3  differs  only 
lightly  from  that  produced  externally).     In  rev- 
rsed  field  pinch  plasmas,  both  the  B^(r)  and  Bg[r) 
ield  distributions  are  mainly  generated  internally 
ind  play  and  equal  rôle  in  the  plasma  stability. 
îfore,  both  Bg  and  B^  are  the  quantities  of 
-est. 

The  Faraday  rotation  method  give  a  continuous 
intégral  measurement  of  the  internai  poloidal  mag- 
letic  field  alone  when  the  beam  is  in  the  vertical 
Diane,  but  otherwise  gives  a  continuous  intégral 
leasurement  of  both  internai  magnetic  fields.  The 
intégral  is  over  a  straight  path  and  ths  measure- 
nent  of  the  Faraday  rotation  angle  is  done  by  simple 
Dolarimetry  external  to  the  machine.     It  is  proposed 
:o  use  the  Faraday  rotation  technique,  employing  an 
4CI\I/DCN  laser  (X  =  337/190  ym)  to  measure  both  dis- 
iributions  in  the  HBTXIA  plasma. 

The  HBTXIA  machine  is  a  reversed  field  pinch 
[RFP)  under  construction  at  Culham.  It  has  a  major 
radius  of  D.8m  and  minor  radius  of  0.26m.  The  ex- 
Dected  plasma  parameters  are:     T  '\-50-150eV;  n^'v 
1  .5x10^°-4x10^°m''^;     current  'v  400kA;  <B>  'x^  0.5T. 
FHE  CHDICE  DF  WAVELENGTH  AND  SOURCE 

The  choice  of  a  suitable  wavelength  for  Faraday 
rotation  is  governed  essentially  by  considering  what 
sources  are  available,  and  whether  this  source  has 
3ufficient  power  for  an  accurate  measurement  of  the 
-araday  rotation  angle  obtained  at  the  source  wave- 
length. Dther  important  effects  which  hâve  to  be 
ronsidered  are  refraction,   loss  of  transmitted 


■  due  to  turbulent 


J5] 


and  dégradât! 


1  of  the 


□f  magneot  field 

We  have  found  that  becausu  of  the  low  toroidal 
-nagnetic  field  in  RFP  plasmas,  the  depolarisation 
effect  is  negliglble.     This  Is  in  contrast  to 
toKamaK  plasmas  where  because  of  the  large  toroidal 
field,  the  depolarisation  effect  becomes  important 


( EURATOM/ UKAE A  Fusion  Association) . 
when  the  Faraday  rotation  angle  exceeds  somt 
!,  ^,  is  descrlbed  by  the  j 


The  rotatic 


X2  /, 


3.d{, 


where  X  is  the  laser  wavelength;  n    and  B  are  the 
électron  density  and  magnetic  field  respectlvely ; 
and  L  is  the  path  length.     This  relation  is  not 
valid  when  depolarisation  is  présent. 

If  the  plasma  can  be  considered  to  be  a  hori- 
zontal cylinder,  of  radius  a,  with  cylindrical  sym- 
metry,  then  for  a  beam  of  wavelength  X  propagating 
through  the  plasma  with  an  impact  parameter,  h,  and 
at  an  angle,  Çl,  from  the  vertical  plane,  then  the 
Faraday  rotation  angle,  ^,   is  found  to  be  given  by: 


^  =  2AX2|/^  r 


hdr 


tan  a  f. 


rdr 


(1  ) 


where  B„  and  B    are  the  poloidal  and  longitudinal 

^  ^  -13 

magnetic  fields  respectlvely;     A  =  2.62  x  10  rad 

tesla  ''  ;  and  ipg  and  are  the  rotation  angles  due 
to  the  individual  magnetic  fields  Bg  and  B^  respec- 
tlvely, and  are  given  by  the  intégral  incorporating 
the  appropriate  magnetic  field. 

The  Faraday  rotation  angle,  therefore  scales  as 
X^,  as  does  refraction.     Numerical  calculations  of 
the  expected  angle  of  rotation,  and  refractive  dév- 
iation for  various  source  wavelengths  are  given  in 
Table  I.     The  axial  électron  density  used  was  1.5  x 
10^°m"^  and  the  plasma  current  400KA.     The  ratio  of 
axial  to  critical  électron  density,  n^/n^,   is  a 
measure  of  transmission  of  the  beam.  A  ratio  greater 
than  0.2  could  indicate  very  high  atténuation  due 
to  turbulence  and  a  ratio  less  than  0.02  would  be 
désirable'-^-' .     From  Table  I  the  wavelength  giving 
rise  to  the  largest  Faraday  rotation  angle  with  an 
n  /n     ratio  of  less  than  0.02  and  with  a  tolerable 
beam  deflection  is  337um  produced  by  an  HCN  laser. 
At  this  wavelength  the  rotation  expected  is  typic- 
ally  10°  with  a  beam  déviation  less  than  5mm.  The 
minimum  measurable  angle  at  this  wavelength  deter- 

mined  by  détecter  and  amplifier  noise  is  about  0.1 

[4] 

verified  experimentally  at  Fontenay-aux-Roses 
At  a  higher  axial  électron  density  of  4  x  10^°  m 
the  DCN  laser  wavelength  of  190pm  would  also  give  a 
Faraday  rotation  angle  of  typlcally  10°  and  a  beam 
déviation  less  than  6mm.     The  source  produclng  rad- 


iation  at  thèse  wavelengths  also  has  sufficient 
power  for  a  multichannel  Faraday  rotation  diagnostic. 
DATA  INVERSION 

From  équation  (1)  the  Faraday  rotation  angle. 
il,  for  a  beam  propagating  at  an  angle,  fi,  from  the 
vertical  plane,  is  the  sum  of  two  rotations,  ipg  and 
\p  ,  arising  from  the  two  magnetic  fields  Bg  and  B^. 
The  poloidal  field  rotation,  i|jg,  can  be  measured 
alone  when  fî=0.     The  toroidal  field  rotation, 
can  also  be  measured  when  fi  /  0,  but  this  requires 
that  the  approprlate        be  Known.     Therefore,  for 
measuring  the  two  rotation  angles,  we  must  have  two 
beams  propagating  through  the  plasma  simultaneously , 
at  the  same  Impact  parameter,  and  one  beam  having 
n=0.     It  is  by  this  method  that  the  internai  mag- 
netic fields  of  HBTXIA  will  be  measured.     To  obtain 
the  field  profiles  the  diagnostic  must  be  a  multi- 
channel one.     Ths  pitch  profile  can  be  determined 
without  any  Knowledge  of  the  électron  density,  since 
by  Abel  inversion  of  ijjg  and  (|)^: 


2AA2  tan  Q.  r 


2AX^ 


r\dh\ 


/h2-r2 

and  from  the  définition  of  the  pitch,  P  =  rB^/Bg 
and  the  above  équations: 


P  = 


^r^dF 


dh 


/h^-r^ 


tan  Q. 


)/h2-r2 


The 
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TABLE  I 

SOURCE  OF  WAVELENGTHS.  ROTATION  AND  DEFLECTION  ANGLE 


1mm 
CH^F 
HCN 
DCN 

riethanol 


y-wave 

496ym 

337ym 

190ym 

118y 

lO.Bym 


0.13 
0.032 
0.015 
0.005 
0.002 
5x10'^ 


which  does  not  involve  the  électron  density. 
safety  factor  profile  is  also  given  since  q  =  P/R 
where  R  is  the  plasma  major  radius. 
CONCLUSIONS 

We  have  concluded  that  a  Faraday  rotation 
diagnostic  using  an  HCN/DCN  laser  is  a  practical 
diagnostic  method  for  measuring  the  internai  mag- 
netic fields  of  a  RFP  and  in  particular  the  HBTXIA 
plasma.     With  the  wavelengths  available  wlth  this 
laser  System,  337ym  or  190ym,  and  the  expected 
range  of  électron  density  (1.5  x  10^°  -4x10^°  m"'^. 
Faraday  rotation  angles  of  typically  10    will  be 
observed  with  negligible  refraction,  depolarisation , 
or  loss  of  transmitted  power. 
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The  aim  of  this  paper  is  to  présent  no- 
iced  regularities  of  Stark  broadening  and 
hift  parameters  of  résonance  spectral  li- 
es of  singly  ionized  atoms  from  hélium  to 
alcium. 

The  existence  of  certain  regularities 
f  Stark  broadening  and  shift  parameters 
f  neutral  spectral  lines  of  homologous 
roups  of  éléments  was  the  basis  for  an 
ssumption  that  similar  regularities  may 
e  also  found  for  ion  spectral  lines.  A  re- 
ently  published  paper  by  Puric  et  al./l/ 
as  proved  that  Stark  widths  of  alkali-like 
tom  and  ion  résonances  linearly  dépend  on 
he  atomic  charge  number  Z.  However,   in  a 
aper  given  by  J.Purid  and  V.Glavonjic  /2/ 

periodicity  of  the  dependence  of  Stark 
idths  of  résonance  spectral  lines  of  neu- 
ral  and  singly  ionized  atoras  from  He  to 
a  on  atomic  charge  number  Z  has  been  no- 
iced  and  discussed.  As  it  was  stated  the- 
s,   there  is  a  lack  both  in  theoretical  and 
Kperimental  data  for  a  complète  set  of  re- 
Dnances  for  ail  ions  from  He  to  Ca .   In  or- 
2r  to  complète  as  much  as  possible  the  set 
f  the  reliable  theoretical  data  a  new  me- 
hiod  for  estimation  of  Stark  widths  and 
hifts  of  corresponding  résonance  lines, 
Dt  given  by  Griem  /3/,  has  been  élabora- 
sd.  The  basis  for  this  nethod  were  the 
«pressions  for  Stark  widths    (w)   and  shifts 
à)   of  ion  lines  given  in  the  paper  by  S. 
rechot  and  H. Van  Regemorter  /4/.  Namely, 
liey  have  found  that  w  and  d  values  linear- 
/  dépend  on   |x|^/^  and   |x|^/^  signX  res- 
ectively.     Actually,  using  available 


theoretical  data  given  by  Griem  /3/  as  well 
as  expérimental  ones  obtained  by  Purid  and 
Konjevic  / 6/  and  Fleurier  et  al.   /7/,it  is 
possible  to  obtain  graphs  similar  to  those 
in  Fig.   1  a  and  b.   From  thèse  graphs  the 
mentioned  linear  dependence  of  w  and  d  is 
obvious    (within  20%)    for  ns-n'p  and  np-n's 
transitions.  Calculating    |x|^^^  for  corres- 
ponding résonance  lines  and  using  Fig.  l.a 
and  b  one  can  get  w  and  d  values  of  the 
linei 


"Wxlo'°(rad/s)  ^ 

Fig. la. 
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Te^ZSxIO^oK  /° 

Ne=10  cm  / 

oGriem(l974)    /  ^ 

Te  =  2xlO^°K  /° 

A  / 

/a. 

-  /  B  AlLiMgBeCaSrBa 
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Te=U200°K  for  Call 
Te  =16800  °K  for  Bell 
AJ.  Puri(î  and 

N.Kon|evi<;(1972)  

In  order  to  check  the  above  described 

estimation  for  theoretical  calculation 

Griem' s  semiempir ical  formula  for  Stark 

widths  with  Gaunt  factor  g=0.2  was  used  in 

case  of  résonance  spectral  lines  of  ail 

singly  ionized  atoms  from  He  to  Ca .  The 
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estimated  values  from  the  trends  similar  to 
those  given  by  Griem  were  consistently  hig- 
her    (up  to  3  times)    in  comparision  v/ith 
thise  obtained  from  the  semiempir ical  for- 
mula with  g=0.2.   In  order  to  avoid  thèse 
discrepancies  the  Gaunt  factor  has  to  be 
corrected  for  the  corresponding  ion  as  it 
is  given  in  Fig.   2.  Namely,   instead  of  ta- 
king  g=0.2  or  even  g=0.9  -  as  Kobzev 

/5/  has  suggested  one  has  to  take  appro- 
ximately  g=0.9{l  -  where  z*  =  2  for 

singly  charged  ions,   for  ail  températures 
from  5000  K  to  40  000  K  in  order  to  get 
data  following  the  appropriate  linear  trend 
given  in  Fig.   1.  a  and  b. 


.7 

 Kobzev  [5] 

 Our  approximation 

Fi  g. 2 

lO) 

0     D     t     X           A     »  A 

a  °  * 

_    n     S     A  . 

"     foixIO^'K      +  10''°K  î 
■^®\A2  ,xl(f''K     0  05x10  °K  ^ 

°    =                  A  X 

.2 

*  * 

2            5  10 

Finally  Fig.   3.  a  and 

15             Z  20 

b  show  the  de- 

pendences  of  w  and  d  and  of  the  ionization 
potential  I  on  the  atomic  charge  number  Z . 
It  is  évident  that  w  and  d  dépend  periodi- 


HHeLiBe  B  C  N  0  F  NeNaMgAlSi  P  S  ClAr  K  Ce  ^ 


zation  potential  does . 

One  can  expect,  generally,   that  the 
calculations  now  in  progress  will  show  that 
the  established  linear  dependence  of  w  and 
d  on   !x|^/^  and   |xl^/^signX  respectively , 
and  the  corresponding  periodical  dependence 
on  the  atomic  charge  number  Z  are  universal 
also  for  other  heavier  éléments. 
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i  METHOD  OF  ESTIMATING  THE  LEVEL  CF  COLLECTIVE  ELECTRIC  FIELD  FLUCTUATIONS 
g  A  NONTHERMAL  PLASMA  WITH  A  TWO-TEMPERATURE  ELECTRON  CAS 


G.  Himmel  and  L.  Sowa. 


{VT  kA 


Ruhr-Universitât  Boahum,  Boahum  FRG,  Institut  fur  Experimentalphysik  II. 
Introduction 

The   time   averaged   spectral   energy  density 
of   electrostat ic  waves    in  a  nonthermal 
plasma   is   one   of   the  main  ingrédients 
which   enter   into   a   calculation   of  trans- 
port   coefficients   including  collective 
effects.    Regarding  a  bimaxwellian  élec- 
tron distribution  function   /!/,  character- 
ized  by  the   parameters   T>/T<   >>    1  and 
(  1-  g  )    =   n</n>    (T<,   n>   are  the  température 
and   the   density  of  the   thermal  électrons; 
n<,    T>   refer  to  the   superthermal  électrons), 
a  strong  enhancement   of  the   level   of  elec- 
tric  field   fluctuations   at   a  frequency 
slightly  above   the   électron  plasma  fre- 
qnpncy   is   expected.    Considering  the  HF 
conductivity  this   should   give  rise  to 
marked  effects   compared  with   the  thermal 
case   /2/.    Furthermore,    it    is  suggested, 
that    in  the   Stark  broadened  profiles  of 
émission   lines   the   vicinity   of  the  élec- 
tron plasma  frequency   is   strongly  empha- 
sized  even    in  the   case   of   an   extremely  low 
density  of   superthermal   électrons  /3/. 
This  would   imply  that   the   appearance  of 
the   so-called  plasma  satellites  represents 
a  sensitive   indicator  of  a  superthermal 
électron   component.    Nevertheless  ,    a  criti- 
cal  discussion   of  the  real  diagnostic 
pos s ib il it ie s  requires   a  study   of  the 
effects    in   a  wide   range   of  parameters. 
Without   considerably   increasing  the  numeri- 
cal   efforts   this  may  be  achieved  only  by 
means   of  a  simple   approach   in corp orat ing 
the  main   features   of  the  theory. 


x„    =    1/-/2;  is   the   Debye  length=^ 

The   integrand   of  équation    (2)    is  essenti- 
ally   determined  by   the   zeroes   of  the  real 
part   of  the   dielectric   constant   Re  (e). 
In   the   case   of  résonance  the  dielectric 
constant    in   the   denominator  may  be  replaced 
by  the   Landau   damping   décrément  Im(e) 
(binary   collisions     are   not    included  m 
this   treatment).    For  a  given   Q  the  réso- 
nance  is    localized   at   Xj^gg>   x^  which  is 
determined   from  Re(e)    =   o.    In  this  connec- 
tion   it    is   sufficient   to  use   the  Bohm- 
Gross   relation   for  an  estimate.  Moreover, 
we  realize   that  the   following  approximation 
holds   for  n   >  1: 


(3)  G(fi)  - 
where    F  (Q. 


^RES    •  ^'"^^("'^REs)^F(n,Xj^^g) 


j^^g)  is  the  integrand 
(2)    in  the   case   of  : 


equati 

approximation  follows  f: 
sion   of  Re    (e)    around  x. 


Basic  équations 

We  start  from  the  following  expression  for 
the  energy  density  of  collective  electric 
field   fluctuations  „ 


G(n)  is  the  spectral  energy  density  written 
in   dimensionless   variables     as    in  réf.  2: 


(2)   G(n)    =    !  —  


This 

Taylor  expan- 
he  width  of 
the  ex- 
tension  of  the  région  where    Im  (E)>Re(E). 
In  the  most   interesting   cases    it   can  be 
shown  that    in   the  vicinity   of  x^^^g    Im  (e) 
varies   slowly   compared  with  Re    (e).    K  =1.3 
is   obtained  by   evaluating   équation  (2) 
numerically    in   a  rigorous   way .    This  évalu- 
ation was   carried   out   by  using  two  différ- 
ent  sets   of  parameters:    (a)   the   same   as  in 
réf.  J,    Fig.    2;    (b)    T>/T<    =    40,  (l-3)=lo"^ 
Applying  the   approximative   équation  (3) 
the  numerical   intégration   in   équation  (1) 
can  be  easily  performed. 

Results 

Fig.    1   shows   the   electric   field  strength 
1/2 

E     =   (SttW)         as   a  function  of  the  para- 


de (x  ,xi , fi ,  6)  r  } 
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meters   T^/T^   and    (l-g)    =  n^/n^. 


ISÔ  ■    500  ■  1000 


Figure    1:  -    (S-nV)    '      vs  .  T^/T_,for 

différent   values   of  n^/n 

The   quoted  plasma  parameters   referring  to 
the  bulk  of  thermal   électrons   enter  only 
into  the  factor  C   of  équation    (1).  There- 
fore    it    is   not   difficult  to  transfer  thèse 
results   to   other  plasma  parameters.  An 
example  shall   illustrate  the  application 
of  the   foregoing   considérations.    The  in- 
fluence of   collective   electric  field  fluc- 
tuations  upon  the  wings   of   Stark  broadened 
hydrogen   lines    is   characterized  by  the 
ratio  U,   which  is   given   by  the  intensity 
Ij^^jj   in  the  nonthermal   case  divided  by  the 
intensity   1^^^   in  the  thermal   case    (3  =  1): 

(4)    U   =    -"-nth     =    1  +-_§_  d^e^  ">     w  P(o) 

^th  03=.p  3-      h2    -th  V  'th(^-="p) 

d   is   the   electric  dipole  moment    (see  eq. 
(9)    of  réf.    4),   h  Planck's   constant  and 
P(o)    the   central   intensity,   which  results 
from  a  folding  of  ail  broadening  mechanisms 
with  the   exclusion   of  the   électron  impact 
broadening.    Fig.    2   shows   U  as   a  function  of 
T^/T^   and    (1-6).    Here  the   example   of  the 
line  is   chosen.    The  plasma  parameters 

are   the   same   as    in  Fig.    1.    The  détection 
threshold  refers  to  the   spécial  conditions 
of  a   low  density  plasma,   which   is  described 
in  réf.  5. 


T< 

Figure   2:    Enhancement   of  the  wing 

intensity  of  the  hydrogen 
line   P     produced  by  collec- 
tive  ef  f  ects  (  Ao)        oo  ) 
P 

Conclus  ions 

This   study  présents   an  easy  method  of 
estimating  to  which   extent  collective 
phenomena  must   be  taken   into  considération 
in  the   case   of  a  bimaxwellian  électron 
distribution.    Concerning   e.g.   the  Stark 
broadening  of  spectral  lines    it   is  shown 
that   contrary  to  former  conclusions  there 
are   no  dramatic   effects    in  reality.  Only 
in   extrême   situations   a  détectable  in- 
fluence due  to  nonthermal  électrons  upon 
the   line   shape   can  be  expected. 
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ON  DETERMINATION  OF  TL,  IN,  NA  NORMAL  ATOM  CONCENTRATION 
BY  RESONANCE  LINES  BROADENED  WITH  MERCURY  PRESSURE 


V.G.  Vdovin  and  N.A.  Vdovina. 

ALl-Union  Institute  of  Light  Sources,  Saransk,  U.S.S.R. 


To  estimate  the  radiation  while  deve- 
loping  the  light  sources  v/ith  métal  haloge 
nide  additives  it  is  necessary  to  know 
the  additive  atom  concentration  m  the 
discharge  and  reasonably  précise  aescrip- 
tion  of  résonance  line  contour  shapes. 
There  were  suggested  some  meiihods  lor  ae- 
termination  of  aaditive  concentration 
n^l^r):  by  absorbtion  in  the  wmg  oy 
sexf-reversed  part  of  radiation  contour 
/2/  and  by  full  absorption  in  line       /5/ • 
Each  is  based  on  knowledge  of  résonance 
line  contour  shape  in  optically  thin  la- 
yer  P(v,r)  in  the  source.  However  the  ex- 
périmental détermination  P(v)  is  rather 
difficult,  therefore  its  estimating  form 
is  used  which  was  obtained  in  various  as- 
sumptions  to  types  of  broadering  inter- 
action. The  agreement  betv/een  the  estima- 
ted  P(v)  and  real  values  is  evaluated  in 
this  case  not  derectly  by  that  how  exactly 
the  estimated  distribution  of  line  inten- 
situ  in  radiation  I(v,x)  and  absorption 
F(v,x)  corresponds  to  the  observed  one  in 
the  source.  In  this  work  such  a  check  is 
performed  under  conditions  of  non-homoge- 
neous  distribution  of  absorbing  and  radia- 
ting  atoms  and  also  the  broadening  compo- 
nent  Hg  that  makes  the  subject  complicated. 

The  above  mentioned  methods  of  n^ 
détermination  are  common  for  Doppler  and 
Lorentz  P(v)  shapes.  However  P(v)  of  réso- 
nance lines,  broadened  by  foreign  gas,  hâ- 
ve rather  more  comlicated  form  For 
thia  case  there  suggested  some  théories 
for  P(v)  description  while  assuming  vari- 
ous interaction  potentials  /5»6/.  For  pair 
Tl-Hg  paper  /?/  used  the  fold  of  dispersive 
contour  with  statistical  one,  obtained  in 
assumption  of  Van  der  Waals  potentiel. 


Analogously  one  can  have: 
31  ^^(Z-^)^  > 


z  >0 


P(2) 


(1) 


where  z  =  v-v^  -  frequency,  reading  from 
the  centre  of  unshifted  line,  J)  -  norma- 
lization  factor  for  contour  in  z  =  0,  ACg- 
the  différence  in  force  constants  of  Van 
der  Waals  potential  for  upper  and  lower 
transition  levels,  N  -  mercu2?y  atom  concen- 
47r^  ACg     A/^  . 


K  = 


Paper  /8/  represents  Lenard-Johns  potenti- 
al ana  expression  for  contour  shape,  ob- 
tained by  pressure  broadening  theoru,  de- 
veloped  by  Yablonsky  /5/.  In  this  case  as 
analysis  showed,  P(v)  for  our  conditions 
may  be  limited  by: 


(2) 


where  H  -  number  of  particles  inj3  radius 
interaction  sphère  for  radiating  (absor- 
bing) atom,  PQ(z)-line  contour,  when  there 
are  no  broadening  atoms  in  the  sphère  of 
interaction,  P^(z)-  line  contour,  when  there 
is  one  particle  in  the  sphère  of  radius  J>  , 
P^(z)-  a  fonction  of  potential  well  depth 
g  _         fi^      and  frequency  shift  minimum 
4  ti  A  C  2 

a  =  ^'^n  - 

Since  the  investigated  discharge  is 
non-un if orm  according  to  r,  P(v)  can  be 
estimated  in  a  number  of  source  layers, 
with  the  contour  being  constant.  Expérimen- 
tal data  for  atom  température  Tg^(r)  and 
broadening  atom  density  N  /9/  were  used  in 
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layer  approximation.    Absorbing  aton  con- 

2  2 
sertratioD  at  Tl  5  3/2»  "'"^  ^  '^^/Z  5/2 

axid  Na  5'"S^^2    levels  have  been  detennined 
for  full  absorption  of  Aq^^  ia  the  blue  line 
wings,  presented  by  the  dispersive  P(v) 
form.  The  confidence  of  the  obtained  con- 
centration values  with  error  +10%  has  been 
evaluated  according  to  additive  dosage 
taking  into  accoiint  the  complex  compound 
formation  and  besides  for  Tl-according  to 
absorption  in  the  limits  of  molecular  band 
TEI  X^'Z''"-^  A~^n  .     In  terms  of  temperatora 
Tg^^Cr)  the  populations  of  Tl  7^S^/2»  1° 

2  2 
'o^^^2.  ^  -^1/2  5/2  States  v;ere 

received  by  modified  Bartels  method  /10/. 

In  estimating  P(v)  there  used  A 
calculated  by  London  formula  /^^ /  and 
A  0^2  obtained  from  experimentally  measu- 
red  satellite  position  according  to  Hind- 
marsh  theory  /4/  .  While  modelling  the  ade- 
quacy  of  estimaited  I(v,x)  and  P(v,x)  con- 
tour with  expérimental  one  the  parameters, 
defining  P(v)  including  constants  A 
and   A  were  noticed  to  vary. 

Estimations  performed  with  employing 
/1/  and  /2/  sûowed  that  à 

a)  observed  absorption  contour  P(v,x) 
are  satisfactoraly  described  in  Van  der 
Waals  interaction  so  Tl,  In  atom  concent- 
rations found  by  full  absorption  A^,  with 
an  error  of  not  more  than  20%  and  Na-  not 
more  than  10%  difler  from  experimentally 
defined  by  absorption  in  biue  wing  and 
also  are  in  good  agreement  with  chemical 
analuses  of  riixing  composition  in  parti- 
cuxar,  lor    TU  molecula  numoer,  rormed  in 
Ti  atom  recombjLQation  during  plasma  decompo 
sitxon  ; 

b;  the  usage  of  Lenard-Johns  poten- 
tial  in  P(v)    description  does  not  make 
significant  refinement  in  values  for  addi 
tive  atom  concentration,  though  improves 
the  form  a^equasy  of  estimated  F(v,x)  and 
I(v,x)  with  expérimental  ones  both  in 
blue  and  red  line  wings  ; 

c)  for  more  exact  description  of 
P(v)  in  wide  interval  A  v    probably  it  is 
needed  to  use  another  type  of  quasi-mole- 
cule  potential    yCj5)=_^-    where  n  5, 


and  12  ; 

d)  Sharp  différence  of  wing  inten- 
sity  in  lines  Tl  577  and  In  410  nm  is 
explained  by  superposing  the  electronic 
System  of  iodide  absorption  bands  X^H'*^ 

—  /A^n  • 
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A  FULLY  AUTOMATIC  CONTINUOUS  ELECTRON  TEMPERATURE  MEASUREMENT 
SYSTEM  USING  A  DOUBLE  LANGMUIR  PROBE 

T.N.  Todd. 

Culham  Laboratory,  Abingdon,  Oxon.  0X14  3DB,  U.K.,   ( EURATOM/ UKAE A  Fusion  Association) . 


A  novel 

ture 

diagnost, 
This  sys 


:em  for  continuous  électron  temper; 
has  been  developed  as  a  plasma 
5  Culham  Superconducting  Levitron. 
3een  used  to  measure  plasma  temper; 


(T  )  of  between  0.1  and  20  eV  and  densities 
n  the  range  5  x  lo^  ^  b^lO^'^/cc,  with  a  res- 
time  of  approxim.ately  300  ps. 

derived,is  best 
m  AC  voltage 


The  double  probe  characteri 
:tron  température  and  density 
iined  by  sweeping  the  probe  w 


This 


which  only  just  produces  current  satura 
is  because  the  transformer  coupling  which  electri- 
cally  floats  the  probe  causes  an  indefinitely  main- 
tained  current  saturation   (ie.  a  DC  current)   in  the 
probe  windings  to  appear  as  exponentially  decreasing 
in  the  current-sensing  secondary  winding.     Thus  the 
current  signal  is  distorted  if  the  probe  is  swept 
much  beyond  the  "knees"  of  the  characteristic,  This 
problem  arises  with  fixed  voltage  amplitude  systens 
when  the  plasma  température  is  low,  but  is  overcome 
by  this  System    which  continuous ly  adjusts  the 
voltage  amplitude  so  as  to  just  reach  saturation. 
Since  the  onset  of  saturation  occurs  at  a  voltage 
proportional  to  the  électron  température,  précision 
rectification  and  smoothing  of  the  driving  voltage 
then  provides  a  continuously  varying  DC  voltage 
proportional  to  the  électron  température.     When  the 
current  signal  is  similarly  converted,  continuous 
density  measurements  are  also  obtained,  using  the 
expression  n^  =  const  x  ^g^^rp^*^^*     "^^^  System  pre- 
sented  here  achieves  this  effect  by  sweeping  the 
probe  sinusoidally  and  maintaining  a  constant  pro- 
portion of  third  harmonie  in  the  returned  current 
signal   (see  Fig.l).     This  proportion  is  obtained  by 
using  an     automatic  gain-controlled  amplifier  (AGC) 
to  normalise  the  current  signal  to  a  constant  ampli- 
tude and  then  filtering  out  the  third  harmonie.  The 
filter  output  is  in  turn  held  constant  by  using  it 
as  the  control  input  of  the  sweep  volts  AG'  . 

High  resolution  equilibrium  profiles  of  tem- 
pérature and  density   (eg.  Fig.2)   are  easily  obtained 
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by  driving  the  probe  across  the  plasma,  so  that 
correctly  averaged  comparisons  can  be  made  with 
the   line-of-sight  diagnostics.     In  this  way  average 
températures  derived  from  the  absolute  intensity  of 
the  Hel  5876  A  line  and  densities  from  4  mm  micro- 
wave interf erometry  are  found  to  be  in  close  agree- 
ment  with  those  derived  from  the  probe  over  a  wide 
range  of  plasma  parameters  and  despite  raagnetic 
fields  of  a  few  kilogauss. 

The  System  usually  opérâtes  with  a  sweep  fre- 
quency  of  10  kHz,  which  permits  an  AC-amplitude 
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Fig.2     Plasma  profiles  in  hélium  at  various 
powers  of  16  GHz  microwave  heating 
response  time  of  approximately  200  Us,  lengthened 
to  about  400  ys  by  rectification  and  filtering. 
Thèse  response  times  can  be  improved  by  increasing 
the  sweep  frequency,  but  with  a  sacrifice  in  the 
dynamic  range  of  the  System.     With  10  kHz  this 
range  is  about  10,000:1  in  current  signal  and  350:1 
in  voltage  (ie.  électron  température) ,  providing  a 
System  capable  of  tracking  far  into  plasma  decays. 
Fig.3  is  an  exainple  of  a  plasma  decay  to  which 
50  Hz  ohmic  heating  (causing  a  100  Hz  température 
modulation)  has  been  added  where  shown. 


A  simple  dynamic  Simulator  of  double  probe 
characteristics  has  also  been  developed,  which 
imitâtes  the  non-linear  plasma  impédance  seen  by 
the  pioDe.     It  simulâtes  plasmas  of  température 
0,5      30  eV  and  dehsity  2  x  10''"°  ~  10''"^/cc,  with  a 
maximum  modulation  frequency  of  about  30  kHz.  This 
unit  provides  a  valuable  aid  in  optimising  and 
checking  the  température  measurement  System. 

Although  initially  developed  to  follow  the 
time  dependence  of  Levitron  plasma  decays,  the  con- 
tinuous  électron  température  measurement  System  has 
become  a  primary  diagnostic  used  extensively  for 
obtaining  equilibrium  profiles  of  interest  in  our 
studies  of  plasma  heating,  containment  and 
fluctuations. 

The  author  acknowledges  considérable  contri- 
butions made  to  this  work  by  D  E  T  F  Ashby  and 
W  H  W  Fletcher. 
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ON  PLASMA  SHEATH  PROBLEMS 


Observatoire  de  Meudon,  Département  Recherches  , 
92190  Meudon  France. 

The  analysis  of  a  large  number  of  geo  - 
pnysicai  and  astrophysical  phenomena  (such  as 
electric  charging  of  a  body  in  a  space  plasma, 
altération  of  the  characteristics  of  wave  émission 
by  an  antenna  in  a  hot  plasma,  behaviour  of  a 
plasma  probe   ...)  requires  an  accurate  theory  of 
the  sheath  surrounding  a  biased  conductor  in  a 
collisionless  plasma.  One  has  to  solve  strongly 
self  consistent,  non  linear  and  non  local  integro- 
differential  équations  :   the  sheath  dépends  on 
the  potentiel  of  the  body  which  is  self  consistent 
with  the  sheath  structure  when  it  is  not  fixed; 
the  sheath  governs  the  coUected  currents  and  so , 
sometimes,  the  emitted  currents;  ail  thèse  cur- 
rents may  conversely  control  the  potential  of  the 
body  (and  so  the  sheath  structure)  when  it  is  not 
imposed  (cf  fig.  1).  Indeed,  ignoring  such  pheno- 
mena may  lead  to  erroneous  analyses  of  what 

The  sheath  structure  and  the  coUected 
currents  have  been  investigated  in  a  number  of 
particular  cases  by  various  authors^  using  dif- 
férent (physical  or  mathematical )  approximations 
depending  on  the  cases  considered.  Roughly  spea- 
Icing  there  are  two  classes  of  problems  :  those 
for  which  spherical  or  cylindrical  symmetry  can 
be  assumed  and  the  others .  Thèse  problems  can  be 
solved  using  completely  différent  formalisms.  In 
particular  problems  of  the  second  kind  require 
the  use  of  a still  rauch  heavier  formalisra.  For 
problems  of  the  first  kind  (cylindrical  or  sphe- 
rical bodies)   ,     in  non  magnetized  plasmas, 

elaborate,  but  also  complicated  théories  have 
2 

been  developed  by  Bernstein  and  Rabinowitz  , 
Moskalenko'^,  and  Laf ramboise^ .  However  surface 
effects  are  not  taken  into  account  without  more  or 
less  crude  approximations.  On  the  other  hand 
effects  such  as  reflection  or  émission  of  parti- 
cles  by  the  body  may  be  important;  besides  there 
are  few  works  concerning  the  case  of  magnetized 
plasmas  and  in  this  case  the  approximations  used 
are  rather  crude^ . 


'atiales  (DESPA)  C.N.R.S.  L.A.  264, 

The  équations  governing  the  sheath  struc- 
ture are  a  Vlasov  équation  for  the  distribution 
function  F     of  the  particles  of  each  species  s 
together  with  Poisson's  équation  which  détermines 
the  electric  potential  in  terms  of  the  F^.  Even  in 
spherical  or  cylindrical  symmetry  the  solution  of 
thèse  équations  is  difficult  because  they  are 
strongly  non  linear,  non  local  and  integro  - 
différentiel.  Without  crude  approximations  they 
can  be  solved  only  using  numerical  itération  in 
which  the  main  problem  is  always  the  classifi  - 
cation  of  the  particle  orbits. 

Now  we  have  found  a  formalism  in  which  the 
problem  appears  to  be  a  particular  case  of  a 
gênerai  problem  which  consists  in  finding  the 
intersection  of  an  infinité  number  of  domains 
depending  on  a  continuous  parameter  in  an  n-di- 
mensional  space  as  that  of  a  finite  (small)  num  - 
ber  of  domains  easily  del imitable^ ' ^ .  We  have 
proved  a  gênerai  theorem  and  we  have  derived  from 
it  a  systematic  method  for  solving  the  problem  . 
The  method  is  well  fit  for  numerical  computations 
and  even  reduces  them  to  the  minimum  when  they 
are  necessary.  In  particular  it  is  a  powerful 
tool  for  solving  the  sheath  problem  completely 
for  conductors  with  any  surface  effects  as  soon 
as  the  physics  of  thèse  effects  is  known,  even 
in  some  magnetized  plasmas  ^  . 

Of  course,  strictly  speaking,  absolute 
self  consistence  requires  complète  radial 
(cylindrical  or  spherical)  symmetry  for  exact 
solution.  However,  as  a  property  of  Poisson's 
équation  which  smoothes  the  space  charge  ir  - 
regularities ,  this  condition  is  not  so  important 
as  it  seems  at  first  glance  and  rather  strong 


rith  > 


;ry 


good  accuracy"'"  provided  that  they  do  not 
disturb  too  much  the  symmetry  of  the  electric 
potential   (which  is  the  only  thing  truly 
necessary) . 

Using  our  new  method  we  have  investigated 
the  behaviour  of  bodies  reflecting  some  of  the 
particles  striking  them  (rather  différent  effects 
are  produced  depending  on  the  polarization  of 
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the  body)  '     and  that  of  bodies  emltting  photo  - 
electrons*'^^.  We  have  also  investigated  the  case 
of  cylindrical  bodies  in  some  weakly  magnetized 
plasmas^  .  Of  course  it  is  not  possible  to  discuss 
ail  the  results  here  :  they  are  discussed  in 
détail  elsewhere ''' ^°  . 

The  figures  shown  hereafter  illustrate 
some  of  the  characteristics  of  the  sheath 
structure  under  various  circurastances . 

Finally  there  is  a  wide  field  of  possible 
applications  of  the  theorem  and  of  the  raethod, 
in  particular  for  investiggting  ail  plasma 
sheath  problems  which  can  be  stated  under  a  simi- 
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ABSTRACT:    A  method  of   space-and- time 
diagnostication  of  caplllary  puise  dischar- 
ges on  the  basis  of   spectral  equldensito- 
metric  investigations,   is  proposed. 

INTRODUCTION 

The   spécifie  peculiarities  of  the 
localized  puise  di scharges , such  as  the 
obtainment   of  relatively   small  volumes  of 
high  température  plasma   ( up  to   1 o5°K  ) 
within  very   short    (  f  rom /(.^    to  parts) 
duration,    good  reproducibility ,  simplicity 
of   the   scheme,    etc. ,   have  made  imperative 
the  use  of   such  discharges  on  a  large  scale. 
In  the  field  of   spectroscopy  caplllary 
puise  discharges  are  utilized  for  exciting 
the   spectra  of  éléments  which  are  difficuLt 
to  excite,    and  ions  wlth  high  degree  of 
ionisation.    In  the  process   of  the  develop- 
ment ,    testing  and  calibration  of  standard 
light    sources,    elaborated  on  the  basis  of 
caplllary  puise  di  schar ge s /"  ^ , ^-7,  several 
essential  features  and  advantages  of  such 
sources,   were   elucidated.    The  chemical  com- 
position of  the  plasma  jet   corresponds  to 
the  composition  of  the  walls  of  the  cap- 
lllary,   a  fact  which  enables   the   study  of 
the  properties   of  such  plasma  of  a  dif- 
férent  chemical   composition,   The  caplllary 
puise  discharge  is  charact erized  dy  a 
strong  space-and-time  het er ogenety ,  which 
makes  impossible  the  utilization  of  the 
common  spectral  methods   of  plasma-diagnostic. 
In  the  présent  work  an  attempt  is  made  at 
investigating  the   space-and-time  develop- 
ment   of   the   température  by  means  of  spec- 
tral-and- equidensitometric   and  hagh  speed 
chronographic  methods. 

EXPERIMENTAL 

The   electric   circuit   parameters  are 
C=/t20ju.F    ,   U=250  kV,    and  L=1.2ju,H    ,  The 
discharge  are   carried  out   in  air  at  atmos- 
pheric  pressure.   The  discharges  are  ape- 
riodical,   with  two  well-shaped  half-pe- 
riods   of  a  total  duration  of   about  180^^. 
The  amplitude   of  the  current   intensity  at 
the  maximum  of   the  first  half-period  is 
up  to  5  kA.    The   localization  of  the  dis- 
charge  channel   is  achieved  with  the  aid 
of  two   1.8mm  thick  flat  parallel  dielec- 
tric  plates  with  dia  2 . 5  mm  coaxial  aper- 
tures  at  a  distance   of  2  mm  from  one 
another.    Since  no   indépendant  discharge 
intervened  with  the  voltage  and  the  gap 
with  which  we  operated,   we  applied  a 
powerful   brief  initiating  puise,  synchro- 
nized  with  a  SFR   (USSR)    superhigh- speed 
cinema-picture  caméra.   The  latter  was 
used  in  a  régime   of   stills  extension  of 
a   speed  of  95000  pictures  per   sec   in  a 
two-   and  four-raster  System.   The  linear 
field  of   the    stills  was   of  10  mm.  The 
combining  of  the   SFR  caméra  with  the 
narrow-band   interférence  filte 
it  possible   to  sepapate 
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Unes.  The  data  about  th 
have  used  are  given  on  Table  1 .  The  last 
column  of  the  table  shows  the  normal  tem 
perature  values  for  the  corre sponding 
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RESULTS  AND  DISCUSSION 

The   superhigh- speed  photographs 
obtained,    enable  to  retrace  the 
structural   changes  in  time  in  the  dis- 
charge plasma.    With  puise  discharges  the 
substance   enters   the   int erelectrode  gap 
in  the    shape  of  vapour  jets   or  flares.  In 
localized  puise  discharges   the  électrodes 
are   stream-lined  by  contrary  plasma  jets 
from  the   channel   in  the  direction  of  the 
électrodes.    The  formation  of  such  jets  is 
related  to   the   evaporation  of  material 
from  the  walls   of  the  capillaries   in  the 
rapid  heating  and  expantion  of  the  vapeurs 
The  high- speed  caplllary  jets    (   Mach  num- 
Der  up  to  3)   create  compacted   zones  in 
the   électrodes   stream-lining.  Intensity 
pulsations  are   observed.    This  structure 
could  be   explained  on  the   basis  of  the 
hydrodynamic  phenomena  arising  in  the 
outflow  of  supersonic   speed  plasma  jèts 
from  a  nozzle.    From  the   stills  thus  ob- 
tained it   can  also  be   seen  that  coaxial 
plasma  in  the   shape  of  a  disk  of  a  radius 
of  some  4  mm  is  created  between  the  capLb 
laries     After   some  20  ua  after  the  begin- 
ning  of  the  puise,    the'^bright  central 
area  ceases   to  grow  in  dimention.    When  we 
compare  the   stills   extension  of  the Hasma 
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glow  of  the  capillary  puise  discharge  with 
use  of  various  électrodes,   great  différences 
in  the  mechanism  of  entry  of  the  vapours 
into  the  gap. 

■      Spectral  investigations  of  the  dis- 
charge by  zones   show  that  in  the  spectriom 
of  the  central   sector   symmetrical  to  the 
axis  there  are  lines  of  components  of  the 
composition  of  the  capillaries,    though  not 
of  the  électrodes.   In  this  area  an  excita- 
tion of  lines  with  a  différent  degree  of 
ionization  (of  up  to  0  V,    C  V ) , and  a  very 
good  spatial  distribution,   are  observed. 
The   émission  of  lines  of  a  différent  rate 
occurs  from  very  narrow  concentric  zones 
of  a  différent   thickness   (parts  of  the  mm) 
In  the  area  between  the  fronts  of  the 
bright  zones  and  the   surfaces  of  the  plate  s, 
lines  of  the  components  forming  part  of 
the  composition  of  the  plexiglas- 
médium,   and  the  e 

degree  of  ionizat_      ,  ^    ^    -  v,  • 

Besides  the  good   spatial  di  strxbuti 
of  the  lines  of  a  différent   frequency,  a 
time   extension  is  also  observed.    It  is 
seen  that   the   C  IV  580.1    nm  line  ise^it 
only  during  the  first  half-period,  and 
that  it  achieves  its  maximum  intensity 
about  the   18th  Us  as  from  the  begxnnmg 
of   the  discharge.   For  the  N  III  409.7  rm 
line  Imax  is  observed  about   the  42thj^s, 
,    about  the  5oth  ju. 


64th  and  70th, 
knowledge  of  the 


for  the   G  II  kJJ.k  ru 
while  the  0  I  60k. ^ 
maximum  value  betwee: 
The  simultaneo 
intensity  Ij^=  F(x,y,z,t) 
différent  degree  of  ionization  has  enabLed 
us  to  follow  up  the   space-and-time  dev- 
elopment   of  the  température.    Use  was  made 
of  the  température  functions   of  excitation 
of  the  respective  lines  with  such  a  sél- 
ection as  to  allow  to  include  both  the 
high-temperature  areas  of  zhe  discharge 
channel  and  the  peripheral   zones.  The 
température  functionsr-3.''-5-?arè  determined 
with  an  accuracy  of  up  to   15  per  cent, 
and  are  normalized  to  unit.   From  the 
photographs  obtained  through  the  cofnbined 
use  of  the   SFR  film  caméra  and  the  inter- 
férence filters  only  the   stills  correspon- 
ding  to  the  maximum  of  the  température 
functions  of  excitation  of  the  respective 
lines   (Fig.2)  were   selected,    and  were 
processed  by  the  methods  of  photographie 
equidensitometryT ^, 
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if  the  photo- 
were  taken  int( 
ccount.    A  family  of  the  equidensities  of 
the  lines  of  a  différent  ionization  rate 
was  obtained  for  time  instants  correspon- 
ding  to  their  normal   températures;  the 
différence  in  the  blackening  densities  of 
the  individual  equidensities  is  AS=const 
(Fig.3k 


By  means  of  a  nuTnejrical  solution  of  AbeL's 
intégral  equation^8J  the  radial  distri- 
bution of  the  intensity  was  obtained.  The 
results  of  space-and-time  development  of 
the  température,  obtained  in  the  conditions 
of  a  capillary  puise  discharge,  is  shown 
in  Table  2 . 
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MESURE  DES  PROBABILITES  DE  TRANSITION  DES  RAIES  S^D^,  Ô^D^,  7^0^    5^Pj  DU  CADMIUM 

B.  Cheron,  J.  Jarosz*  and  P.  Vervisch. 

Laboratoire  de  Thermodynamique,  L.A.  C.N.R.S.  N°230,  Faculté  des  Sciences  et  des  Techniques  de  Rouen, 
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* I.N.S.A.,  avenue  Albert  Einstein  69621  Villeurbanne  Cedex. 


L'introduction  d'additifs  dans  les  flammes  en 
vue  de  leur  identification  ou  de  la  détermination 
de  leurs  caractéristiques  physiques  pose  principa- 
lement à  l'expérimentateur  travaillant  en  émission, 
un  double  problème  de  stabilité  dans  le  temps  et 
dans  l'espace.  Dans  une  torche  H. F.,  à  la  pression 
atmosphérique,   la  mise  au  point  d'un  système  d'in- 
jection par  pulvérisation  ultrasonique   (réf.  1) 
permet  de  répondre  à  cette  double  exigence.  Des 
gouttelettes  de  diamètre  1  y  sont  ainsi  introduites 
au  centre  d'un  plasma  d'argon,  au  niveau  de  la  pre- 
mière spire  d'un  générateur  H. F.  à  lignes  accordées 
fonctionnant  à  40  MHz.  Un  montage  classique  d'ana- 
lyse spectroscopique  permet  la  mesure  de  l'intensité 
des  raies  d'émission  juste  au-dessus  de  la  dernière 
spire  de  la  torche. 

Des  mesures  préliminaires  de  température  élec- 
tronique, effectuées  à  partir  des  raies  du  fer,  con- 
firment que,  étant  donné  la  faible  concentration  des 
additifs  dans  la  flamme,  celui-ci  varie  peu  avec 
l'élément  injecté  :  T    =  5  200  ±  400°K  (fig.  1). 


Figure  1 

Les  probabilités  de  transition  données  par 
Laniepce   (réf.   2)   déterminent  le  tracé  du  diagramme 


de  Boltzmann  du  cadmium  (fig.   2) .  On  déduit  de 
celui-ci  la  valeur  des  populations  des  niveaux  S^Da, 
6^D2  et  7^D2,  et,  par  l'intermédiaire  de  la  formule 
classique  de  l'intensité  des  raies  d'émission  d'un 
plasma  mince  et  homogène,  d'épaisseur  X  : 
I     =^A  NX, 


Figure  2 

■  des  probabilités  de  transition  des  raies 


5^D2  ■ 


Ces  valeurs  sont  en  bon  accord  avec  les  durées  de 
vie  calculées  par  effet  Hanle   (réf.  3) 
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EXTERNAL  AND  INTERNAL  PROBE  MEASUREMENTS  IN  DISCHARGES  OF  LUMINESCENCE  LAMP  TYPE 

G.  Schaal,  J.  Zabel. 

Zentralinstitut  fiir  Elektronenphysik,  V  Akademié  der  Wissenschaften  der  DDR,  DDR  22  Greifswald. 


Introduction;  vYllliams  /I/  and  Williams 
and  Turner  /2/  made  expérimenta  to  déter- 
mine the  wall  potential,  the  axial  elec- 
tric  field  and  the  électrode  falls  by 
external  probes  in  luminescent  lamp  dis- 
charges. Systematic  comparisons  of  the 
results  of  internai  and  external  probe 
measurements  in  the  same  type  of  dischar- 
gea were  given  in  /3/  which  also  descri- 
bed  statistical  methods  to  deterrrine  the 
reliability  of  external  probes.  In  the 
présent  paper  some  data  are  given  on  the 
mechanism  of  coupling  the  external  probe 
to  the  plasma  and  about  the  accuracy  with 
which  data  are  obtained  from  axial  field 
and  floating  potential  measurements  by 
this  method,  time  resolved  and  with  rma. 
Kethod;  In  a  cylindrical  discharge  vessel 
of  the  geometry  of  a  40-watt  Iviminescent 
lamp  without  luminescent  roaterial  three 
internai  probes  were  introduced  at  a 
distance  of  10  cm,  55  cm  and  95  cm  from 
the  électrode.  The  tube  was  heated,  for- 
mation of  électrodes  was  done  and  it  was 
filled  with  mercury  and  argon  (3  Torr). 
External  probes  with  a  width  of  10  cm, 
4  cm,  2.4  cm  and  1.2  cm  were  installed 
near  the  internai  probe  v/hich  was  at  a 
distance  of  55  cm  from  the  électrode. 
In  another  arrangement  up  to  ten  external 
probes  were  used  in  différent  régions  of 
the  tube.  The  meaauring  probes  were  coup- 
led  via  a  whlte  cathode  follower  to  an 
oscilloscope  or  to  quadrant  electrometer. 
In  this  way  one  could  reach  an  input  ré- 
sistance of  10^  ohms  and  an  input  capaci- 
tance  of  1.6  pf. 

Reâults;  Différent  resistors  and  capaci- 
tors  were  connected  parallel  to  the  input 
of  the  cathode  follower.  The  output  of  the 
cathode  follower  was  given  to  the  ordinate 


of  the  oscilloscope,  The  signal  of  the 
internai  probe  was  handled  in  the  same 
way  and  given  to  the  x-axia.  Prom  this 
kind  of  Lissajous  figure  it  is  clearly  to 
be  seen  that  the  coupling  agent  to  the 
external  probe  is  not  a  résistive  one  but 
a  capacitive  one  (Pig.  1). 


Pig.1:  Response  to  différent  input 
impédances 

ProiTi  the  input  voltage  of  the  cathode 
follower  used  with  différent  input  capa- 
citora  we  determined  the  coupling  capa- 
city  of  the  external  probe  (method  1). 
If  the  input  of  the  oscilloscope  with  an 
input  resistor  of  10    ohms  is  connected 
directly  to  the  external  probe,  it  is 
possible  to  détermine  the  same  capacity 
from  measuring  the  decay  time  of  the  probe 
voltage  (method  2),  Applying  the  formula 
of  a  cylindrical  capacitor  the  value  of 
the  coupling  capacity  can  be  calculated. 
Table  1  shows  the  values  obtained. 
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v/idth  of  . 
probe 


1,2  cir 


330i20pf 
U5ilOpf 
93ilOpf 
50i  8pf 


Method 

360  pf 
170  pf 
UO  pf 
80  pf 


2  Calculated 

360  pf 
144  pf 
86  pf 
43  pf 


Taking  the  above  mentioned  second  arran- 
gement and  determining  rms  values  of  the 
axial  electrical  field  by  internai  and 
external  probes  the  data  obtained  showed 
good  agreement. 


[V] 


External  probes  with  a  width  of 


distance  from  électrode 


20 


i,0 


<[cm] 


60 


Pig.2:  Ploatingpotential  determined  by 

external  and  internai  probes 
Pig.2  shows  a  diagram  of  the  meas-urements 
of  floating  potentials  by  internai  and 
external  probes  against  électrode  distance 
which  makes  évident  that  the  measured  va- 
lues of  external  probes  are  smaller  than 
those  of  the  internai  ones.  Taking  into 
account  the  impact  of  the  voltage  divider, 
which  consista  of  coupling  capacity  and 
input  capacitance,  the  following  correcti- 
ons of  the  measured  values  have  proved 
suitable. 


Probe  width 

4  cm  ^=^*OW^ee.sureà 

2,4  cm  U=1.02U^^^^^^^^ 

1,2  cm  U=1,035U^,^3^^ed 
Considering  thèse  corrections  a  good 
agreement  of  the  potentials  measured  by 
both  kinds  of  probes  (Pig.3)  is  obtained. 
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l'ig.3:  Influence  of  capacitive  voltage 
divider 

If  in  the  System  the  quadrant  electrometer 
is  replaced  by  an  oscilloscope  one  gets 
the  time  resolved  potentials  of  probes.  It 
was  found  that  the  shape  of  internai  and 
external  probe  voltage  is  similar,  however 
the  amplitude  of  the  external  one  is  in- 
fluenced  by  cathode  follower  transmission 
and  input  capacitor,  whose  impact  can  be 
taken  into  account. 

Conclusions;  The  coupling  mechanism  of 
external  probes  at  50  cps  is  definitely  of 
a  capacitive  nature.  The  application  of 
high  input  impédance  cathode  followers 
affords  a  simple  method  to  reduce  dévia- 
tions between  the  data  taken  from  internai 
and  external  probes. 
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THOMSON  SCATTERING  WITH  A  HIGH  BACKGROUND  LEVEL  OF  PLASMA  RADIATION 


B.  Van  der  Sijde,  T.  Poorter,  S.  Adema,  B.F.M.  Pots  and  D.C.  Schram. 

Physias  Department  ,  Eindhoven  University  of  Technology,  Eindhoven,  The  Netherlands. 
Introduction:  Thomson  scattering 


itering  is  nowadays  a 
standard  technique  in  plasma  physics.  Most  of  the 
experiments  are  carried  eut  by  using  short  pulse- 
high  power  lasers  (e.g.  a  10  ns-lOO  MW  Q  switched 
ruby  laser).   In  that  case  the  Thomson  signal  is 
mostly  relatively  small  and  there  are  normal ly  minoi 
problems  with  the  background  of  plasma  radiation 
owing  to  the  very  short  puise  duration.  The  aim  of 
this  paper  is  to  describe  a  device  with  a  long 
pulse-high  energy  ruby  laser  ( 1 . 5  ms ,   50  J)  appro- 
priate  for  measurements  at  small  and  médium 
électron  densities.  Correction  for  the  plasma 
radiation  (continuum  and  weak  line  radiation)  and 
improvement  of  the  signal  to  background  ratio  by 
adéquate  rejection  of  the  stray  light  of  strong 
Unes  is  necessary  in  that  case.  We  obtained  a  high 
rejection  by  using  a  grating  in  combination  with  an 
optical  filter.  The  device  built  up  according  to 
this  principle  is  a  simply  handling  small  volume 
System  at  a  relatively  low  cost.  The  applicability 
of  the  device  is  tested  with  a  hollow  cathode  arc 
(H.C.A.)  as  a  plasma  source;  the  électron  density 
and  température  ranges  of  the  argon  plasma  used 
were  5 . 1 0^^-8 . lO^O  m'^  and  2.5-4.5  eV. 


The  Thomson  ! 
to  develop  a  T.S.D.  for 
densities  n  =  10^^-10^ 
peratures  of  2.5-5  eV  i 
amount  of  annoying  plasi 
light  is  adequately  dim 
viewing  dump.  The  speci 


ing  device   (T.S.D.) .  Our  ; 


ished  by  . 
c  problem 


rith  i 


lult: 


tude 


find 


one  or  more  appropriate  "valleys"  between 
lines  to  place  the  exit  channels  and  to  clean 
thèse  valleys  as  good  as  possible  from  the  stray 
light  of  plasmaradiation.  Therefore,  we  built  a 
six  channels  polychromator  with  a  spécial  purpose 
concave  holographie  grating  -  transmission  60%, 
1800  lines/mm,  dispersion  1.1  nm/mm,  rejection 
factor  1.3   10~^  for  a  1  nm  bandwidth  channel  at 


length  shift  of  5  nm  -  in  combination  with 

periodic  5  nm  bandwidth  filter  -  trans- 
n  at  the  top  of  75%  and  of  2.10"3  at  a  shii 
m  -  to  diminish  the  stray  light  still 
rmore.  The  T.S.D.  exists  of  a  ruby  laser 
n  incident  beam  focussed  to  a  waist  of  2 

mm^  under  90°,  is  focussed  on  the  entrance 
1  entrance  angle  of 
c  light  guides  with 
60%  transmission  transmit  the  signais  to  photo- 
multipliers  with  a  high  quantum  efficiency  (10%) 
Photon  counting  is  carried  out  after  amplifica- 
tion, and  discrimination  with  a  PDP  11/20  com- 
puter System.  A  large  entrance  angle,  a  relative- 
ly high  measured  transmission  factor  (1.6  10~2)^ 
a  large  quantum  efficiency  and  the  application  o 
filters  is  essential  to  get  good  results. 


:  of  polychrometer 
10"^  sr.  Homemade 


of  the 


lignai  to  background  (S/b) 


ratio.  We  determined  the  rejection  factor  of  the 
grating  by  applying  Rayleigh  scattering  with  a 
20  torr  argon  gas  sample.  The  rejection  factor  is 
defined  here  as  the  ratio  of  the  counted  photons 
in  a  Thomson  channel   (with  a  certain  wavelength 
shift  AX  with  respect  to  the  laser  wavelength)  and 
those  in  the  Rayleigh  channel  and  is  as  such  dé- 
pendent on  the  shift  AA .  Thèse  results  shown  in 
Fig.l   are  valid  for  normalized  slits  équivalent  to 
a  bandwidth  of   1  nm.  We  also  indicate  in  the  same 
figure  the  rejection  factor  for  the  combination  of 
grating  and  filter  for  the  first  channel.  The 
factor  is  better  for  the  other  channels.  The  com- 
bination improved  to  reject  almost  ail  stray  light 
of  strong  neighbouring  lines  and  the  relative  im- 
provement in  the  background  signais  of  the  five 
channels  is  à  factor  1.5-3.5.  Additional  1  nm 
bandfilters  appear  to  give  no  further  improvement. 
It  means  that  the  remaining  background  exists  of 
continuum  and  weak  line  radiation  from  the 
channel 's  wavelength  itself.  Application 
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of  a  Polaroid  filter  gives  a  further  improvement 
of  the  S/b  ratio  with  a  factor  1.2.  This  effect 
is  rather  small  caused  by  the  fact  that  the 
grating  has  a  preferential  transmission  in  the 
direction  of  the  polarization  of  the  laser  light. 
Measurement  of  the  S/b  ratio.  The  S/b  ratio  has 
been  investigated  for  more  than  two  décades  of 
n  -values  at  T    =  3.2-4.0  eV  by  application  of 
the  above  mentioned  equipment.   In  Fig.2  thèse 
ratio 's  are  indicated.  They  appear  to  be  less  than 
1  for  ail  conditions  and  channels.  Values  of  the 
S/b  ratio  between  0.1  and  1  are  appropriate  as  to 
be  used  as  reliable  data  for  n    and  T  détermina- 
tion. The  accuracy  of  the  n  -values  after   10  shots 
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varies  from  20%  at  5.  lO^»  m' 
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■  3  discrepancy  with  the 
measured  curve  for  the  channels  1  and  2.  The  line 
for  continuum  radiation  from  doubly  ionized  par- 
ticles  has  been  shifted  a  factor  2  if  Biberman  anc 
Gaunt  factors  are  the  same.  If  we  compare  the 
quality  of  this  System  with  a  50J  -  1 . 5  ms  laser 
puise  with  a  IJ  -  10  ns  puise  System,  it  appears 
that  on  a  single  shot  basis  the  accuracy  of  the 
Thomson  counts  in  the  channels  are  roughly  as 
follows : 

n    =  5.IOI8  in"^:  50%  50  J  s .  ;   150%  1  J  s. 
n    =  5.10'''  m-3:  25%  50  J  s.;     75%  1  J  s. 
n    =  5. 1020  m~3:  25%  50  J  s. ;     25%  1  J  s. 
Conclusions.  We  conclude  that  for  a  steady  state 
plasma  with  n    ^  5.10^°  m"^  the  high  energy-long 
puise  laser  System  is  more  appropriate  than  a  low 
energy  short  puise  laser  in  spite  of  the  complica- 
tion of  background  radiation  if  a  valley  between 


Fig.  3.  Background  countings 
as  a  funation  of  n^. 
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RAYLEIGH  AND  COMPTON  SCATTERING  CROSS  SECTIONS  OF  X-RAYS  BY  OXYGEN  IONS 
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Institute  of  Physias  of  the  Aaademy  of  Saienaes  of  the  Lithuxxnian  SSR,  Vilnii 
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The  methods    based    on    the  photon 
scattering  are    widely    used    in  plasma 
diagnostic   [l]  .  The  X-rays  and  gamma  rays 
atténuation  and  energy  absorption  coeffi- 
cients are  proportional    to  the  total  pho- 
ton interaction  cross  section  per  atom, 
i.e.  to  the  sum  of  the  cross  sections  of 
ail  the  elementary  scattering  and  absorp- 
tion processes.  The  atomic  cross  sections 
for  X-rays  absorption  at  énergies  above 
1  keV  can    be  written  as  the  siom  of  ail 
partial  cross  sections  for  the  photoelec- 
tric  effect,  for  Rayleigh    and  Corapton 
scattering.  X-rays  and  gamma  rays  scatte- 
ring cross  sections    for    neutral  atoms 
have  been  summarized  by    Hubbell    et  al 
[2,3]  .  The  ions    of  différent    degree  of 
ionization  exist  in  plasma.  It  is  there- 
fore  important  to  consider  the  change  in 
the  Rayleigh  and  Compton  scattering  cross 
sections  when  the  neutral  atoms    are  re- 
placed  by  the  corresponding  ions. 

In  this  paper,  we  report  the  diffe- 
rential  and  total    Rayleigh  and  Compton 
scattering  cross  sections  of    X-rays  by 
the  atom  and  ions  of  oxygen.The  variation 
of  the  Rayleigh  scattering  cross  sections 
with  the  excitation  and  ionization  of  the 
neutral  oxygen  atom  has  been  investigated 
in  [4]. 

The  differential  Rayleigh  scattering 


cross    sections  at  low  incident-photon 
énergies  decrease  as  the  degree    of  ioni- 
zation of  the    atom  increases    at  ail 
angles.  As  the  incident-photon  energy  in- 
creases, scattering    cross  sections  at 
large  angles  do  not  dépend  on  the  degree 
of  ionization  whereas    the  scattering  by 
outer-shell  électrons    is    insignif icant. 
The  differential  scattering  cross  sections 
decrease  with  increasing  scattering  angle 
and  reach  a  minimum  at  scattering  angles 
of     sr/2  -  2  sr/3.    The  réduction    in  the 
cross  sections  at  sraall    angles    is  more 
rapid  for  higher  énergies  and  the  growth 
of  the  cross  sections  sections  is  more  ra- 
pid at  lower  values  of  X-rays  energy. 

As  the  degree  of  ionization  increases 
the  differential  Compton  scattering  cross 
sections  decrease  at  ail  scattering  angles 
and  for  ail  énergies.  The  cross  sections 
grow  with  the  increasing  scattering  angle 
for  small  photon  énergies.  The  réduction 
of  the  cross  sections  is  obtained  in  the 
région  of  the  scattering  angle  when 

the  X-rays  énergies  exceed  10  keV.  The 
differential  Compton  scattering  cross  sec- 
tions of  X-rays  increase  from  zéro  at  the 
zéro  scattering  angle  and  reach  the  maxi- 
mum at  the  scattering  angle  equal  to  9r  . 

Table  1  lists  the  Rayleie;:!  scattering 
cross  sections,  and  Table  2  lists  the 
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The  Rayleigh  scattering  cross 


sections  of  X-rays  (barn/atom) 


E(keV) 

0 

0[2] 

0+ 

02^ 

1 

40.047 

39.89 

31.186 

23.018 

2 

33.926 

33.55 

27.582 

20.596 

3 

26.997 

26.61 

23.118 

17.501 

4 

21 .067 

20.79 

18.883 

14.474 

6 

13.325 

13.21 

12.627 

9.863 

8 

9.209 

9.145 

8.936 

7.091 

10 

6.852 

6.805 

6.730 

5.421 

15 

3.967 

3.942 

3.982 

3.295 

20 

2.636 

2.623 

2.693 

2.256 

E(keV) 

0^^ 

05-^ 

0^- 

1 

16.109 

10.374 

5.889 

2.654 

2 

14.714 

9.643 

5.618 

2.635 

3 

12.854 

8.638 

5.229 

2.602 

4 

10.937 

7.560 

4.788 

2.558 

6 

7.799 

5.688 

3.947 

2.440 

8 

5.778 

4.398 

3.287 

2.289 

10 

4.516 

3.556 

2.804 

2.119 

15 

2.858 

2.391 

2.021 

1.676 

20 

2.006 

1.738 

1.510 

1.288 

Gompton 

scattering  cros 

3    sections  of 

X-rays  by  the    atom    and  ions    of  oxygen. 
Prom  the  tables  it  is  évident    that  oux 
data  are  in  good  agreement  with  [2]  for 
the  neutral    oxygen  atom.    The    resuit s 
listed  in  the  tables  show  clearly  that  the 
Rayleigh  scattering  cross     sections  de- 
crease  while  those  of  Gompton  increase 
for  the  neutral  atom  and  ail  the  ions  in- 
vestigated  as  the  photon  energy  increases. 
The  Rayleigh  and  Gompton  scattering  cross 
sections  of  X-rays  are  very  dépendent  on 
the  degree  of  ionization.  The  réduction 
in  the  cross  sections  with  the  increasing 
degree  of  ionization  of  the  atom  is  more 


Table  2 

The  Gompton  scattering  cross 
sections  of  X-rays  (barn/atom) 


E(keV) 

0 

0[2] 

0+ 

0^^ 

1 

0.211 

0.226 

0.130 

0.113 

2 

0.721 

0.756 

0.494 

0.408 

3 

1.319 

1.352 

0.943 

0.786 

4 

1.867 

1 .886 

1.379 

1.162 

6 

2.672 

2.665 

2.069 

1.746 

8 

3.152 

3.139 

2.514 

2.112 

10 

3.452 

3.439 

2.800 

2.349 

15 

3.873 

3.864 

3.208 

2.707 

20 

4.098 

4.092 

3.438 

2.914 

E.(keV^ 

03+ 

04^ 

05+ 

0^- 

1 

0.086 

0.066 

0.032 

0.003 

2 

0.310 

0.239 

0.117 

0.013 

3 

0.602 

0.462 

0.231 

0.029 

4 

0.895 

0.680 

0.348 

0.050 

6 

1.355 

1 .010 

0.543 

0.106 

8 

1.645 

1.211 

0.682 

0.175 

10 

1.837 

1.348 

0.791 

0.252 

15 

2.143 

1.592 

1.012 

0.447 

20 

2.336 

1.764 

1.181 

0.611 

significant  at  small  énergies  whereas  the 
contribution  of  outer-shell  électrons  is 


more  important . 
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^ESTORATION  CF  TWO-DIMENSIONAL  RADIATION  FOR  AN  OPTICALLY  THICK  PLASMA 
V.V.  Pickalov  and  N.G.  Preobrazhensky. 

Institute  for  Pure  &  Applied  Mechanias,  Siberian  Division,  Aoademy  of  Science,  U.S.S.R.  Novosibirsk, 
630090. 


Abstract.A  concept  of  local  diagnostics 
for  an  optically  thick  plasma  without 
axial  symmetry  is  proposed.  It  is  possi- 
ble to  reduce  the  problem  in  two-dimen- 
sional  case  to  the  system  of  one-dimen- 
sional  problème  by  décomposition  in  po- 
lar and  cartesian  coordinates, 

Recently      j  the  authors  proposed  an 
algorithm  of  data  conversion  to  the  lo- 
cal emissivities  for  an  optically  thick 
plasma  of  arbitrary  configuration.  Simu- 
lation procédure  proved  the  reasonable 
accuracy  for  optical  densities  from  0 
till  10  and  the  level  of  expérimental  er- 
rors    5-10%  j^^J  .  By  décomposition  tech- 
nique in  polar  coordinates  one  can  reduce 
the  two-dimensional  intégral  équation  for 
local  emissivities  ffr,^;  to  the  system  of 
linear  intégral  équations  [^2j  : 

e 

^,6'£[0,2^:,    p€  c-R,R  3,  0  =  1,2..., 
k  (©>  is  the  absorption  coefficient  for 
i-ring  ,  î  (  p  ,^')is  the  intensity  of  esca- 
ped  radiation  for  i-ring  and  angle  ^  . 
The  System  (1)  can  be  solved  succesaful- 
ly  with  due  regard  for  smoothness  of  so- 


lution as  à  priori  assumption.  If  some 
additional  information  about  solution  is 
available  the  mathematical  formulation 
of  the  problem  can  be  efficiently  simp- 
lified.  E.g.  the  possibility  of  factori- 
zation  in  local  coefficients: 

permits  the  retrieval  of  ?(oc,-a)by  means 
of  décomposition  in  cartesian  coordina- 
tes. In  this  case  only  two  ortogonal  di- 
rections are  sufficient  for  observation 
and  the  problem  cornes  to  the  system  of 
two  intégral  équations:  | 

Another  kind  of  à  priori  information 
related  to  the  form  of  isolines  for  basic 
plasma  parameters  can  be  prominent.  In 
the  spécial  and  the  most  popular  axisym- 
metrical  case  (isolines  are  concentric 
circles)  the  problem  of  local  diagnostics 
is  described  by  one-dimensional  Abel  or 
Freeman-Katz  j^3j  équations.  In  the  more 
gênerai  case  of  isolines  which  are  con- 
vex  closed  curves  without  self-intersec- 
tions    W  ioc,^,^)^  0  one  can  find  the 
spatial  distribution  of  emissivities 
solving  the  Volterra  I-st  kind  intégral 
équation         t  i  t 

eocp(- J  î  {di-^l  £[  Texp(  l7^. 
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xdb^-f  eocp(  lj\dl^:idi,  (3) 
t  e  [  0.1  :  ,  k  =  k        ,  S=B<.i^  . 

The  "fan-shaped"  meas^^^ement  scheme 
(Pig. la)  is  supposed  here  and  the  diffe- 
rential  dS  along  the  line  of  sight  X>L 
for  two-place  function    x=ac<t:)  is  given 


(4) 


I  T-  .  w  ^  (  di  ^\ 

The  case  of  side-on  recording  is  easily 
obtained  from  (3);  as  to  the  spécial  case 

C  -     Cl-  + 

J  =-/  taking  place  for  the  system  of 
shifted  ellipses  one  cornes  to  the  gene- 
ralized  Preeman-Katz  eqiaation 

l(^-,  =  2e:cpi-i^î\cii^{^S^\  (5) 

Geometrical  arrangement  of  observa- 
tion for  a  plasma  with  the  known  isolines 
is  sketched  in  Pig.  la.  The  resxilt  of  re- 
storation  for  the  model  function  £(x, -y)  = 
séa>His  shovm  in  Pig.  1b  (^xx^)  and  is 
related  to  the  system  of  shifted  ellipses 

  ^  T^-^     '  (6) 

a  =  i.i  ,   ê  =  i    ,      =  0,4  ,  «ï'=  ^  =  0. 

Also  in  Pig. 1b  are  plotted  the  "expéri- 
mental" fxmction  I  (oc')  with  the  noise  le- 
vel  of  5%  and  the  coefficient  of 

random  error  amplification   'J^  =  ^  /<°f 

(  )  in  the  method  of  regularization 

when  the  équation  (3)  is  solved  (k=0). 

Pig. 2  corresponds  to  the  results  of 
simulation  in  the  problem  of  asymmetrical 
plasma  field  diagnostics  for  the  lack  of 
information  about  isolines.  Modified  "oni- 
on  peeling"  strategy      j  was  used  for  eq, 
(1),  maximum  optical  density  being   *^  =1 
and  the  initial  noise  level  ^%. 

Our  results  îmd  theory  show  reaso- 


nable  accuracy  for  retrieval  of  rather 
complicated  plasma  fields  as  in  laser  ex- 
plosion of  targets,  hi^  tempera tiire , 
tocamac  or  stellarator  plasma  etc. 
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Pig. 1      Geometrical  arrangement  of  obser- 
vation and  the  example  of 
restoration:  optically  thin  case, 

Pig. 2  Modified 

"Onion  pe- 
eling" me- 
thod (layer 
décompositi- 
on) : model 
function  ( — 
— )  and  re - 
suit  of  3?es- 
toration  ( — 
--);  optical 
density  T 
=1. 
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APPLICATION  OF  FIELD  VISUALIZATICDN  TECHNIQUE  TO  SMM  DIAGNOSTICS  OF  AXISYMMETRIC  PLASMA 

V.G.  Zatsepin,  V.B.  Lazarev  and  E.A.  Tishchenko. 

Institute  for  Physiaal  Problems,  Moscou  U.S.S.R. 


Abstract  x  We  présent  the  development  of  aub- 
millimeter  (SMM)  diagnostics  ft»r  inhomogene- 
ous  plasma  under  conditions  of  strong  refra- 
ction [1-5]  ,  started  earlier  by  the  local 
probing  [4]   of  moving  UHF  discharge  [5I  . 
Here  is  deacribed  the  f ield  visualization 
technique  for  quiescent  plasma,  based  on  re- 
gistration  of  the  probing  field  phase-ampli- 
tude distribution. 

Experiment  :  Investigated  discharge  was  si- 
tuated  at  one  of  the  channels  of  H2O- laser 
(  X  =119jvim)  interferometer  (Fig.1). 


Pig.1  Scheme  of  expérimental  installation 
Laser  radiation  consisted  of  two  ortogonally 
polariaed  waves  fe]  with  frequencies  and 
Wj  ,  shifted  ati|=iî^»=53  kc.  Détection 
of  radiation  was  performed.by  Ge;B  photocon- 
ductora  [7]  and  at  4,2  K.  To  split  and 
mix  the  waves  W<  and  (J^  we  used  the  one  - 
dimensional  wire  grids  P^j-P^  (period  20  /x»m) . 

ref lected  the  référence  wave  and  pas- 
sed  the  probing  wave  CJ^  ^  was  crossed 
with  P^.  Mixers  P^,  P^  were  adjuated  at  45° 
to  polarizations.  The  beat  signal  used  as  a 
référence  for  the  phase-voltage  converter[8] 
was  delivered  by  détecter  ,  coupled  with 
laser  by  mylar  splitter  M^.  Plasma  was  ima- 
ged  by  polyethylene  lens A  (diameter-54  mm, 
focal  length  f  =280  mm,  distanse  to  plasma 
and.       equals  to2f  )  onto  the  horizontal 


input  slit  (1X10  mm"^)  of         Image  scan- 
ning  was  realized  by  rotation  of  the  mir- 
ror       with  angular  speed,  stabilized  up 
to  0.01%.  Output  voltage  of  the  détecter 
D2  was  proportional  to  the  incident  radi- 
ation intensity  : 

[^J.x)^^iA'^^^Sp.\>''i{'^)^    with  plasma 

\'^^i:t:i^<i\tK\A^o^'*'^é^'^\  without  plasma, 
where  and  |M6i:)|€''*"^*^  are  phase- 

amplitude  distributions ,  CL  is  constant 
coefficient,    XrUt     and  U  is  linear 
scanning  speed.  This  signal  was  transmit- 
ted  to  the  AM-  and  phase-detectors  through 
a  sélective  amplifier  (2).  Image  field 
phase-amplitude  distribution  was  registe- 
red  by  a  storage  oscilloscope  and  pulas 
analyzer  LP  4840  opérât ing  in  a  multisca- 
lar  régime.  Sweep  of  thèse , devices  was 
synhronized  with  mirror  M^.  Parameters  of 
the  scanning  system  were  as  follows  1  M^ 
rotation  period  To=600  ms ,  U=Var:f/To  = 
=5,9  mm/ms,  visualized  région  A=25  duû  an<i 
niimber  of  used  analyzer  channels  N=100. 

Résulta  :  Fig.2  a,b  shows  the  phase-am- 
plitude distributions  of  the  probing 
field  for  filamentary  UHF  discharge  in  Ti^ 
[5]  (P=5.3  ata,  W=23  kWt).  Complex  appa- 
ratus  function  fCfC(tj)|e '^^V   (rig.2c)  of  the 
interferometer  was  measured  with  a  narrow 
sli^î  in  plasma  plane.  Phase  shift  introdu- 
ced  by  plasma  column  was  equal  to  ^(_^)~ 
'If'N-yjfx)  ;  modulus  of  transmittivity  (curve 
(2)  in  Fig.4)  was  obtained  as  a  ratio  of 
the  functions  (2)  and  (1)  in  Fig.2a.  Data 
proceaaing  was  done  by  the  niimerical  solu- 
tion [9]  of  the  convolution  and  Abel  équa- 
tions [3]  with  regard  to  refraction.  Fig.5 
représenta  the  plasma  électron  density 
profile,  calculated  by  Abel  inversion  of 
the  phase  function  ^  W  . 
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AMPLITUDE 

a  — ■ 

-   \  PHASE 

C  &    6   U  Z 

WJ 

0   2    4    6    8  0 
X.  mm 

y 

-8    -6    -4    'Z     X,Mn2     ^  6 


Fis. 2    a)  (1)  and  (2)  -  field  amplitudes 
/Vj  (x)  and   Tfx)    ;  Jb}.  (5)  and  (4)  -  phase 
distributions   ^„(3c)  and  ^Y^)     ;  çl  -  plasma 
phase  function  ^(-x)  (1)  ,(2)-modulus  / 
and  (3)-phase  Si       of  the  apparatus  fun- 
ction. 


Fis. 3 

Electron 

density 

profile 


2^68 


Dashed  line s  display  the  error  limits  cor- 
responding  to  the  absolut^  accuracy  of  the 
phase  measurement  aY'=±  0,1  radn.  Calcu- 
lated  modulus  of  transmittivity  for  phase 
function  is  shown  in  Fig.4  (curve 

1).  Slight  asymmetry  of  the  curve  is 


caused  by  the  small  inclination  (-'0,04 
radn)  of  the  probing  beam  to  the  axis  of 
the  receiving  system  (see  Fig. 2c, curve  3). 


az5- 


~^   -6        ->         ^    t    e  s~ 

Fig. 4    Theoretical  (1)  and  expérimental 
(2)  modulus  of  transmittivity 
The  différence  between  two  curves  is  due 
to  additional  radiation  loss  besides  re- 
fractive  one.  Its  value  in  the  expérimen- 
tal conditions  was  too  small  for  appli- 
cation of  the  Abel  inversion  procédure 
to  evaluate  the  radial  distribution  cf 
the  atténuation  coefficient. 

The  authors  are  grateful  to  Academi- 
cian  P.L.Kapitza  for  the  support. of  this 
work  and  would  like  to  thank  V.N.Sidorov 
for  technical  assistance. 
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RADIATION  TEMPERATURE  MEASUREMENT  OF  ARGON  ARC  PLASMA 
BY  SUBMILLIMETER  DIAGNOSTIC  TECHNIQUES 


E.A.  Tishchenko,  A.V.  Golubev  and  V.B.  Lazarev. 

Institute  for  Physiaal  Problems,  Moscou)  U.S.S.R. 


^.bstraet  :  Methods  of  radiation  températu- 
re measurement  of  the  plaama  filament  by 
active  and  passive  submillimeter  diagnostic 
are  described.The  profiles  of  the  side-on 
brightness  of  plasma  thermal  émission  are 
neasured  at  two  wavelengths,  one  of  them  be- 
ing  selfabsorbed.  Thèse  data  are  used  to 
détermine  the  radiation  température  and  op- 
tical  depth  of  plasma  C  ]  •  Simultaneous 
probing  of  the  plasma  filament  by  submilli- 
meter radiation  at  two  wavelengths  allows 
to  cheok  this  method  and  find  out  the  degree 
of  plasma  equilibrim  as  well  as  the  nature 
of  électron  collisions. 

Experiment  :  Diagnostic  installation  con- 
sists  of  D,C.  arc,  hétérodyne  H2O- laser 
(  X  «ligywm)  C2]  interferometer,  homodyne 
backwave  tube  (BWT,  A=350ji^m)  interfero- 
meter, high  sensitive  two-channel  radio- 
meter  and  measuring  apparatus. 


Fig»1      Arc  configuration 
Pig.1  shows  the  cross-section  of  D.C.  arc 
chamber  (1)  (10x10x10  cm-^).  Its  diagnostic 
Windows  (2)  were  made  of  crystalline  quartz, 
The  arc  électrodes .( 50  mm  apart)  were  cooled 
by  water  and  have  molibden  tips  (4).  To  fa- 
cilitate  the  local  side-on  diagnostic  of 
plasma  by  narrow  submillimeter  beeims  formed 
by  the  lenses  (7),  the  plasma  filament  is 
moved  with  a  frequency  about  several  Hz  by 


oscillating  magnetic  field  H  of  the  coils  (6) 


Fig.2  Diagnostic  set-up  :  î'^-Pg  -  one-di- 
mentional  grids  (period  20jMm),  M^-M^  - 
métal  mirrôrs,  -  polyethylene lenses 

(diameter-54  mm,  focal  length-140  mm). 

Optical  System  of  the  expérimental  in- 
stallation (Fig,2)  is  a  twin-wave  Mach- 
Zehnder  interferometer.  HgO-laser  radiation 
consists  of  two  ortogonally  polarized  wa- 
ves with  a  frequency  shift  18  kHz,  orien- 
tated  at  the  angles  of  -45°  and  +45°  to 
the  vertical.  It  is  directed  into  the  in- 
terferometer by  means  of  mirror      .  BWT- 
radiation  is  formed  in  the  quasipptical 
beam  by  the  lens      .  Horizontal  polariza- 
tion  ,  provided  by  polarizer  P^,  is  di- 
rected into  the  interferometer  by  the  mir- 
rors        and        and  grid      .  The  frequency 
of  BWT  radiation  is  modulated  by  saw-tooth 
law  with  a  frequency  of  27  kHz,  At  the 
output  of  the  interferometer  there  are 
vertioally  orientated  polarizer  '  and 
two-channel  détecter  D^  with  photocon- 
ductors  n-GaAs  and  Ge:B  at  4.2  K.  The 
transmittivity  signal  Q(p)  {  /(  »»350  yum) 
is  detected  by  n-GaAs  at  27  kHz.  Laser 
signal  (  A  =119jwm)  is  detected  by  Ge:B 
at  18  kHz  and  employed  to  measure  phase 
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shift  Y(^)       fas't  "phase-voltage"  conver- 
ter         •  ^3  sigii^l       used  as  the  réfé- 
rence one,  The  distribution  of  plasma  émis- 
sion is  measured  by  two-channel  radiometer 
D2  at  108 jum  (Ge:B)  and  285 jum  (n-GaAs), 
Punctions  Y(p)  .    Q  (P^         spectral  brigh- 
tnesses   Izgfip)  ^ri^  iy^><p(P^are  registered 
by  the  two-beam  oscilloscopes  OSC^  and  OSC2 
The  impact  parameter  p  is  measured  by  the 
scanner  system  [4j  ♦ 

Results  :  Typical  expérimental  curves  are 
shown  in  Pig.3a,b.  Data  processing  is  per- 
formed  under  *ssumption  that  plasma  tempe- 
rature  gradients  are  negligible.  In  this 
case  one  obtains  from  radiation  transfère 
équation  the  expression  for 

where  ê{\^,%%a  blackbody  3pectrum,T(V, C») 
is  plasma  optical  depth  at  p  =0,  71^ is  the 
mean  radiation  électron  température  and  V 
is  wave  number.  If  1^     and  I2     are  the 
surface  brightnesses  at  two  frequencies 

and  v4  »  "then  using  eqn.tl)  one 
can  calculate  the  plasma  optical  depth 
at  the  frequency         (v^^^v^)  from  eqn.  : 

where  HM^f  (^=0.144  for  n-GaAs  and 
Ge:B  detec\ors).  Radiation  température 
(in  K)  is  given  by  the  formula  : 

where         is  brightness  in juWt/cm  •cm"  • 
steradn, T'is  the  root  of  eqn. (2).  Plasma 
optical  depth  *^  is  measured  independen- 
tly  using  modulus  of  the  complex  transmit- 
tivity    ^  CoJ   at  the  frequency  V  «28.6  cm 
(;^=350jum):    ^  (Oj)=  ,^^/"-Tf  v^OVS  J 
Pig.3c  shows  the  optical  depth  of  the  Ar 
arc  discharga»    for  régimes  of  constant 
current  18.2  A. 

In  the  pressure  range  of  1-2.25  atm 
the  mean  radiation  température  T^^within 
expérimental  errors  is  independent  on  the 
gas  pressure  P  and  is  equal  to  (7.8±1,5)' 
10^  K.  On  the  other  hand,  phase  measure- 
ments  show  that  électron  density  is  pro- 
portional  to  P^'^  ,  as  it  must  be  at  the 
equilibritun.  In  this  oase  linearity  of  the 
functionT^P)  gives  an  évidence  that 


electron-ion  collisions  dominate  other 
collision  processes.  The  equilibrium  tem- 
pérature at     Z  =0  calculated  by 
Saha  équation,  is  equal  to  9.2 '10-^  K,  i.e.joF 
it  is  10-20?5  higher  than  7^*  . 


"1 

Iff) 

M 

6 

\ 

/m. 

Fig.3    Characteristics  of  Ar  arc  (dis- 
charge current  equaled  to  18,2  A^ 

a)  .    Phase  YCf)  {2  =119  jwm)  and  modulus  ^(p) 

(^=350jt4m)  of  the  transmittivity. 

b)  Plasma  spectral  surface  brightness 
(top  curve  :       »285jwm,  Y-scale  -  0.5' 

juWt/cm^«  steradn«cm~  .  divj  lower  curve 
^=108jum,  Y-scale  -  1  jwWt/cm^.  steradi 
cm~\  div) 

£2    Optical  depth  T    at  \)  =35  cm'"'   (  /l  » 
285jwm) ,  clear  circles  -  selfabsorpti( 
measurements,  dark  circles  -  active 
diagnostic    at        =.350jum  (data  conve; 
ted  to  =285jwm). 
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CTERMINATION  OF  THE  RAY  PHASE  FOR  PLASMA  CYLINDER  USING  MODULUS 
F  THE  PROBING  RADIATION  TRANSMITTIVITY 
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Abstract  :  Method  for  détermination  of  the 
phase  3hift  along    the    ray  traoectoriea  in 
aide-on  probing  of  plasma  cylinder  is  pre- 
sented.  The  unknown  phase  function  ^(^) 
is  restored  by  calculation  of  the  first 
derivative  ^'(^)  which  is  proportional  to 
the  probing  beam  deflection  angle  and  de- 
fines  the    refractive    decrease  of  plasma 
transmittivity .    This    method    is  usable 
under  strong  absorption  and  refraction 
conditions,  as  well  as  in  the  case  when 
phase  of  the  probing  beara  is  substantially 
distorted. 

Introduction  :  Modulus  ^(p)  and  phase Yj^p) 
of  the  probing  beam,  transmitted  perpendi- 
cularly  to  the  plasma  axis,  are  connected 
with  apparatus  fiinction  J^(^)  of  the  dia- 
gnostic installation  and  plasma  phase  fun- 
ction ^(^)    by  convolu^ion  équation  [l]  : 

S(9)e'''"^.Jj((rf)e-'^''J».  CD 

Experiments  sind  computer  simulations  show 
that  function  ^(§>)  is  strongly  distorted 
due  to  finite  width  of  the  probing  beam 
vifaen    phase  gradient  is  too  large. 

The  measured  function  be corne  s  discon- 

tinuous  and  differs  from    $     at  the  value 
multiple  to  230    if    the    phase  incrément 
^f"  at  the  beam  width  exceeds    2%    .  The 
resulting  phase  distortion    prevents  the 
use  of  itérative  methods  for  détermination 
of  the  function  ^        [z]  .  Nevertheless, 
phase  information  may  be  restored  by  the 
expérimental  modulus  of  transmittivity  ^(^) 
which  is  a  functional  of  the  unknown  fun- 
ction .  Transmittivity  coefficient 
in  eqn.(1)  is  defined  primarily  by  the 
first  derivative  û(#/cI^=VC0  ,  where  k:=2Ji/A 
ana  0  la  the  deflection  angle  of  the  ray. 

Détermination  of  the  Phase  Function  : 
Restoration  of  the  ray  phase  was  performed 


by  meeins  of  tiie  itérative  procédure.  At 
the  n-th  step  of  itérations  we  receive 
certain  approximate  solution  ^^(^)  which 
provides  the  corresponding  value  of  the 
modulus  by  eqn.(1)  .  The  functional 

=  ^/^?^)^^7jf),"J  dépends^  principally 
upon  the  first  derivative  ^        ,  so  one 
can  Write  the  finite  inc retient  of  ^(^) 
as  follows  :  , 

"'^  ^  (2) 

It  is  possible  to  improve    the  function 
using  eqn.(2)  at  the  next  step  of 
itérations.    Substitution  cf  the  exact 
and  approximate  values  of  ^     and'î^'^  in  (2) 

3(9)  -  g.  (?)  '-^ii  \s)  -  ^'M   (  5) 

gives  the  next  approximation 

This  function  should  be  doser  to  unlcnown 
derivative    ^Yi/)    because  eqn.(4)  takes 
into  account  the  discrepancy  between  ex- 
périmental and  approximate  modulus  ^(Ç^) 
an<i   ^wCp)   •  In  order  to  find  the  initial 
approximation  one  can  use  the 

calibrating  function  :  ^ 

q,m^lU(i)e-'^-h^\^  (5) 

which  defines  the  dependence  of  transmit- 
tivity modulus  on  the  angle  of  the 
beam  deflection.    Comparison  of  the  expé- 
rimental and  calibrating  functions  per- 
mits  to  obtain  ^'^(y)  viiich    is  usually 
rather  close  to  the  unknown  function9?^)  . 
Influence  of  Absorption  :  In  the  case  of 
strong  damping  the    accuracy  of  the  phase 
function  restoration  may  be  substantially 
diminished.    The  influence    of  absorption 
is  defined  by  the  complex  ray  phase  #(^}  = 
Re§»^^)+:Lr.$(^).  If  the  radiation  loss  is 
vanishingly  small  then   l)rr\^^C    and  the 
damping  factor    {(xj)  sP^pf-Tm^f^)]  is  equal 
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to  unity.  Otherwise,  the  modulus  in  (4) 
should  be  calculated  with  regard  to  absor- 
ption. It  is  appropriate  to  notice,  that 
radiation  damping  produces  the  maximiim  dis- 
tortion  of  §n(P)  when  p^ïO  (probing  along 
the  plasma  diameter) ,  meanwhile    the  grea- 
test  refractive  losses  arise  at  the  ex- 
trenmms  of  ^'(y)    .  This  peculiarity  per- 
raits  to  find  an  approximate  vaille  of  the 
absorption  factor  ^(^)    for  ^-0 

5,a(û)  -B(^)/%iO},  (6) 
where  g/    is  the  expérimental  function  and 
is  theoretical  modulus  of  transmitti- 
vity  without  absorption.  If  one  knows  the 
side-on  distribution  of  the  plasma  emissi- 
vity  P(y)   at  the  wavelength  of  probing  , 
then  profile  of  ;JQ>  may  be  easily  deter- 
mined,  because  function  ^i}^)  is  proporti- 
onal  to  the  product  of  intégral  absorption 
coefficient  along  the  ray  path  and  plasma 
température,  which  is  assumed  to  be  constant 
in  the  région  of  strong  absorption.  Fun- 
ction   Syi(^)   then  becomes  ; 

Results  :  The  application  of  this  procédure 
is  illustrated  in  Pigs.1  and  2  showing  the 
results  of  the  ray  phase  restoration  for 
plasma  of  Ar  arc  discharge 
présents  the  modulus  and  phase  of  the  ap- 
paratus  fimction  X(y)    and  raeasured  phase 
Y{9)  of         transmittivity  coefficient 
with  a  characteristic  kinks  accompanying 
the  loss  of  25l  in  the  régions  where  (^) 
has  extremums.  Function  Qe<î>(^)was  obtained 
after  seven  itérations  made  in  accordance 
with  Eqns.  C4)  and  (?)«  Expérimental  fun- 
ction ^(2)    is  shown  in  Fig.2  (circles). 
It  agrées  well  with  a  theoretical  modulus 
of  transmittivity  (solid  line),  calculated 
for  restored  function  ^(^)  and  absorption 
factor  -f  (ij)    from  Eqn.(7). 
The  accuracy  of  this  method  is  determined 
by  the  errors  of  the  measured  function  ^(^) 
and  dépends  on  the  functional  connection 
of  and'§(^)    .  Computer  simulations 

have  shown  that  for  concrète  functions 
^Cj?)  with  errors  ^^'^  -  0.01  the  accuracy 
of  the  restored  function  $(^)  is  better 
than  5%. 
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phase  of  Ar  arc  dis charge  and  appa- 
ratus  function  of  the  interf erometei 
Calculated  (solid  line)  and  expéri- 
mental (circles)  modulus  of  trans- 
mittivity and  absorption  factor  ^  . 
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V  =  S,£''(3) 


The  theoretical  calculation  of  the 
probe  ion  current  for  an  électron  beam 
controlled  plasma  is  presented.  The  ré- 
sulta are  applicable  for  a  case,  when  pla- 
sma produced  ion  current  is  more  less  than 
sheath  produced  ion  current.  The  theoreti- 
cally  calculated  probe  current-voltage 
characteristics  were  compared  v/ith  the  ex- 
perimentally  measured  ones. 

Theory.  The  hydrodynamic  approximation 
nay  be  used  for  description  of  the  move- 
ment  char^jed  particles 

Analogical  problem  has  been  considered  in 
[l]   for  non-self-maintained  discharge, 
when  sheath  produced  ion  current  is  less, 
than  plasma  produced  ion  current .  There 
are  in  (1)-(5)  Ji  -ion  probe  current  densi- 
■ty»  ^  -  "the  non-self-maintained  ionization 
rate,  CL  -  the  ion  mobilités  régime  coeffi- 
cient. The  boundary  conditions  for  (1)  and 
(4)  are:  y;-  (  2^,  )  =E(  2"^ )  =0 ,  here         the  she- 
ath -plasma  margin  coordinate.  Introducing 
non-dimentional  coordinate  and  intégrât ing 
v/ithin  limita  from  X   to    Xg   ,  vve  obtain 

here  m=0,1,2  for  plane,  cylindrical  and 
spherical  probe,  Sp^-  the  probe  area.  Prom 
(4)  we  obtain  the  équation  for  non-dimen- 
sional  field  in  sheath  u  =e/e*(?.=  ^;re^2r^/ 

Its  solution  is  : 


Integrating  (5)  within  limits  from  1  to 
and  taking  inbo  account  (6)  and  (8), 
we  obtain  the  probe  current-voltage  cha- 
racteristic  eauation  : 

F  -  -L  li'"IUB  )^^>  fl-l-J  m*f 


Ijr    m(a*f)i2  j  ' 


'dx 


m 


The  right-hand  part  of  (9)  dépends  on^^ 
and  the  left-hand  part  of  (9)   can  be  cal- 
culated as  a  resuit  of  experiment .  Thus 
from  experimentally  determining  ^ ^m) 
can  be  calculated  and  therefore  ^  . 

Let  us  give  spécifie  expression  of  the 
probe  current-voltage  characteristic  for 
various  m    and  CL 

Plane  probe.  (  m  =0).  In  this  case  MO) 
can  be  integrated  in  elementary  functions 
for  any  QL  . 

F^^^2^[i-a)ii-a)-'p^  ni) 


This  expressions  have  the  following  form 
for   OL  =1  and    a  =0.5 


It  v/ill  be  noted  that  the  non-self-main- 
tained current  problem  has  been  conside- 
red in    f2]  for  the  case  of  plane  électro- 
des and   CL  =1 . 

Cylindrical  probe  {fU  =  1  ) .     Por  CL  =  1 
,-qSr  0,5 r 


(14) 


66 
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for        =0.5  : 

^,-f,-J^3fZ/44,;     '^P^^05  (15) 

The  sraph  of  a  function  ]^^^     (         )  is 

demonstrated  in  fig.1.   lf's<<^,  we  shall 
■^^  3  -  %^^3 

corae  to  the  plane  case,  and  '^^q^'^yZ  Ji^  ' 
Y  ^^-0,125  ^  ^'^    .In  this  case  the  expres- 
sions (14)  and  (15)  transform  to  (13). 
Spherical  probe.  For   CL  =1 

For  o:  =0 .  5  ; 


(16) 


formula  ; 


^pi 


9(^0,'^^) 


7?  '  2;0,5 

The  graph  of  fimction  "^^  qS  ^f'z  ^  demon- 
strated in  fig.1.  If^^  «  1,  we  shall  corae 
to  the  plane  case,  and  P^./-*  (^P'^/sY^^  , 
F  — T-^'^f^The  expressions  (16)  and  (17) 
transform  to  (13). 

Experiment .  Ion  probe  current  were 
measured  in  non-self-maintained  puise 
électron  beam  controlled  plasma  in  at 
pressures  of  25,   150  torr  and y'^=10~  ycm^. 
The  95  kev  électron  beam  was  sent  into  the 
discharge  volume  through  an  Al-foil(18mkm) 
The  measurements  v;ere  taken  with  aid  of 
cylindrical  probe,  that  v/as  placed  in 
centre  of  the  volume  perpendicularly  to 
the  électron  beam.  The  beam  current  puise 
duration  was  6'10"-^sec  and  it  was  greater 
than  the  typical  recombination  time  (^10"^ 
sec).  In  this  case  the  probe  current  cal- 
culation  problem  could  be  consedered  as 
quasi-stationary. 

The  expérimental  current-voltage  cha- 
racteristics  are  presented  in  fig.2.  Solid 
lines  demonstrate  the  theoretical  calcula- 
tions  for  cylindrical  case  with  account 
taken  of  direct  beam  current  dwelling  on 
the  probe.  It  will  be  seen  that  there  is 
satisfactory  compliance  between  the  theo- 
retical curves  and  expérimental  data.  Thus 
the  probe  current  produced  completely  in 
the  sheath. 

The  current-voltage  characteristic 
expression  dépends  on  whether  the  probe 


current  is  produced  in  the  sheath  or  the 
plasma.  So  as  to  find  the  parameters  it  is 
necessary  to  proceed  from  an  assumption  to 
be  confirmed  by  the  estimation  of  the  re- 
lation between  I^,^  and  1^^  in  terras  of  the 
following 

^"^^^^^      .  f[(f<^-f)/2Kj^''^  (m--0) 

Here   ^  -coordinate  of  probe  area,  z^-  re- 
combination length,  modifical  Bessel 
function.  In  using  the  method  for  discharge 
diagnostic  it  will  be  necessary  to  have 
the  sheath  field  exeeding  the  discharge 
field. 


Fig.2 


1  -  K.ÏÏ.Uljanov,  Proc.XIII  Intern.  Conf. 
on  phenoraena  in  ion.  gases,  Berlin,  1977. 

2  -  J.J. Thomson, G. P. Thomson,  Conduction 
of  electricity  through  gases,  Cambridge, 
(1928). 
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Introduction.  Faraday  rotation  application 
to  plasma  investigation  bas  been  known  for 
a  long  time.  However,  new  possibilities 
for  its  usage  appeared  witb  tbe  devel op- 
inent of  lasers  providing  t\inable  radiation 
of  bigh  spectral  density.  Tbe  insertion  of 
tbe  médium  under  study  into  laser  resona- 
tor  ensures  often  an  additional  increase 
in  sensitivity  of  Faraday  rotation  measu- 
rement,  Here  several  definite  examples  of 
tbe  ring  laser  application  to  détermine  a 
séries  of  parameters  of  a  discbarge  plas- 
ma placed  in  a  longitudinal  magnetic  field 
are  described, 

Metbod.  Faraday  rotation  angle  ^  is  re- 
lated  to  électron  density       and  magnetic 
field  intensity  H  as  follow|  /I/ 

wbere  ^  tbe  angle  in  radians,  A tbe  wave- 
lengtb  of  probe  radiation  in  cm,  in  cm^ 
tbe  plasma  lengtb,  H  in  Oe,  Faraday  ro- 
tation, in  its  tum,  causes  counterrunning 
wave  of  a  ring  laser  to  be  differd 

bere,  i,  tbe  perimeter  of  tbe  ring  laser, 

C  tbe  ligbt  velocity,  tbe  9  ^     term  is 
due  to  tbe  active  médium  dispersion,  Tbe 
scaling  factor  of  10^  in  ^  -dependence  of 
Av)  indicates  tbe  possibility  of  a  very 


Bmall  rotation  measurement  by  tbis  intra- 
cavity  tecbnique. 

Faraday  rotation  can  be  used  also  to  de-»- 
termine  spectroscopic  parameters  of  tbe 
gas-discbarge  plasma  baving  absorption  or 
amplification  lines.  As  was  sbown  in  /2/, 
for  tbis  purpose  it  is  quite  promisslng 
to  use  Faraday  rotation  of  linearly  pola- 
rized  probe  radiation  its  frequency  being 
in  coincidence  witb  tbe  center  of  absorp- 
tion line  of  gas-discbarge  plasma. 
Faraday  rotation  usage  to  tbe  pvirposes 
mentioned  provides  some  advantages  over 
conventional  metbods.  In  particular,  tbe 
local  plasma  analysis  is  available  witb 
tbe  magnetic  field  applied  to  definite 
plasma  régions.  In  some  cases  by  means  of 
tbe  magnetic  field  one  can  avoid  absorp- 
tion band  effect  of  nonZeeman  molécules, 
Finally,  magnetic  field  permits  tbe  modu- 
lation of  tbe  measured  parameter,  being 
tbe  important  and  useful  factor  enabling 
an  expérimental  sensitivity  to  be  incre- 
ased,  Naturally,  an  inverse  problem  cacn 
be  solved  by  metbods  involyed,  i,e,  using 
tbe  above  parameters  found  independently 
tbe  magnetic  field  can  be  estimated. 
Expérimental .  Expérimental  study  was  car- 


rïed  out  using  a  He-Ne  ring  laser  with.  the 
^ave  length        1,15/ini  and  perimeter  /  = 
i70cm,  Block  diagram  of  the  set-up  is 
iShovm  in  Eig,1 . 


h  -  mirror;  2  -  piesoceramics ;  5  -  System 
of  automatic  frequency  control;  4  -  sole- 
îioid;  5  -  gas-discharge  plasma  \uider  stu- 
idyj  6  -  active  médium;  7  -  -plate; 
,8  -  partial  polarizer;  9  -  Faraday  rota- 
itor;  10  -  magne  tic  field  supply;  11-scan- 
pjng  interferometer;  12  -  photodetector ; 
15  -  oscilloscope;  14  -  frequency- voltage 
converter;  15  -  lock-in  amplifier;  15-di- 
gital  voltmeter;  1?  -  x-y-recorder. 
The  application  of  modiaation  technique 
permits  us  to  acquire  the  sensitivity  of 
the  set-up  used  of  0,01  Hz  for  beating 
frequency  measurement, 

Results .  Fig.2  shows  the  gain  distribu- 
tion along  the  active  médium  for  gas-dis- 
charge tube  obtained  by  local  magnetic 
field  application.  The  gain  is  found  to 
distribute  nonuniformly  along  the  posi- 
tive column  of  gas-discharge  tube. 
Curve  1  corresponds  to  the  case  when  the 
aluminium  hollow  cylinder  is  used  as  a 


cathode  and  getter  body  -  as  an  anode. 


5      m     15      20     25  50 

For  curve  2  the  cylinder  and  getter  body 
is  exchanged  their  function.  In  both  ca- 
ses the  gain  increase  has  been  obtained 
near  the  cathode.  It  demonstrates  a  non- 
imiformity  of  the  positive  column  of  plas- 
ma. The  additional  HF  excitation  makes  the 
gain  distribution  more  smooth  (see  curve 
3) ,  Such  behaviour  of  gain  seems  to  be 
aue  to  the  dis charge  stratification. 
The  électron  density  measurement  has  been 
carried  out  using  dis charge  tube  with 
length  20cm  filled  with  hélium  and  loca- 
ted  into  solenoid,  The  evaluated  experi- 
ment  shows  that  using  the  technique  invol- 
ved  permits  to  registrated  the  électron 
density  as  low  as  1o''^-lo''''cm~^.  The  app- 
lication of  probe  radiation  with  relative- 
ly  small  wavelength  enable  the  transverse 
gradients  of  plasma  refractive  index  to 
be  decreased  significantly.  Also,  an  opti- 
cal  density  as  low  as  lo"'^  has  been  regi- 
strated. 
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The  measurement  of  electric  fields  of 
plasma  waves  is  one  of  the  important  prcb- 
lem  in  expérimental  investigation  of  in- 
teraction of  intense  electromagnetic  wave 
with  plasma,  which  can  give  rise  to  a 
strong  Langmuir  turbulence  £l]  . 

In  our  communication  we  présent  the 
results  of  measurements  of  f ield  in  plas- 
ma, based  on  the  forbidden  transitions 
satellites  method  suggested  by  Baranger 
and  Mozer  [21  . 

We  used  the  quasioptical  beam  of  elec- 
tromagnetic waves  in  our  expérimente.  A 
plasma  coliimn  with  transverse  dimensions 
L<~10  cm  was  placed  in  a  constant  magne- 
tic  field  2.109Bec-'"  ).  A  hélium 
plasma  was  produced  at  pressure  10~2torr 
with  the  initial  électron  and  ion  tempe- 
ratures           10  ev  andT      1  ev  respecti- 
vely.  An  electromagnetic  wave  beam  (  Xc~ 
8  mm)  formed  with  a  System  of  quasiop- 
tical converters  was  focused  at  surface 
of  a  plasma  column  (K    H    E),  The  maxinum 
electric  field  without  plasma  achieved 
4  §^  (lC,/iJt^=  0,15)»  The  optical  émission 
spectra  were  analysed  by  a  monochromator 

DPS-12  with  the  instrumental  halfwidth 
0,2  i  sufficient  for  satellite  resoluti- 
on (aJo- 2»  loi  "•sec"'' ,  Forbidden  transitions 
He  I  for  three  lines  (  A  =  4026  X,  A  = 
3  4922  A,  A  =  4472  A  )Qwere  investig&- 
ted.  An  intense  line  4922  A  was  most  sui- 
table  for  measurements, 

The  line  spectrum  was  obtained  during 
many  opération  cycles  of  the  set  up. 

The  operating  conditions  of  a  plasma 
source  were  chosen  so  that  during  the 
pump  wave  puise  (    T    =  200  f^^"^  )  the  plas- 
ma density  slowly  increased  pasaed  thro-  . 
ugh  the  critical  value  (     A/ecf~  2»10l3cnr-^ 
The  typical  émission  oscillograms  of  the 
allowed  line  and  of  satellite  near  the 
critical  plasma  density  are  displayed  by 
Pig.l,  A  Sharp  increase  of  the  satellite 
émission  near  the  critical  density  consi- 
derably  greater  than  that  of  the  allowed 
line  points  to  growth  of  hf  electric  fi- 
elds in  plasma.  In  a  transparent  plasma 
(Ne  <  Hecr)  't^^e  satellite  strength  was 
defined  by  the  electric  field  of  the  pump 
wave. 

Pig.2  shows  three  spectra  of  glasma 
émission  near  the  line    A    =  4922  A  of 
He  I,  Curve  I  représenta  the  émission  of 
a  "cold"  plasma  (without  pump  wave)  cur- 
ves  II  and  III  represents  the  émission 
from  plasma  linder  the  action  of  pvimp  wave 
for  luadercritical  (He  <    Necr)  and  near 
critical  density  respectively. 


The  émission  of  a  forbidden  transiti- 
on 23p  -  43p  in  a  "cold"  plasma  is  asso- 
ciated  with  a  quasi-static  electric  fieMs 
existing  in  plasma  [4J. 

It  should  be  noted  that  its  is  diffi- 
cult  to  make  absolute  measurements  of  the 
electric  field  in  plasma  by  the  satellite 
to  the  allowed  line  intensity  ratio  under 
expérimental  conditions.  This  is  due  to 
the  fact  that  satellites  émission  escapes 
from  a  small  région  located  in  a  strong 
electric  field,  while  the  contribution  to 
the  allowed  line  émission  was  made  by  the 
whole  plasma  layer.  Therefore  the  obtained 
expérimental  values  for  the  electric  fieM 
in  plasma  are  too  low, 

Pig.  3  shows  the  electric  field  in 
plasma  measured  by  satellites  of  forbidden 
transitions  of  the  line    A    =  4922  A  as  a 
function  of  the  electric  field  strength 
in  the  pump  wave.  In  calculations  we  have 
used  the  linear  suggested  by  Baranger  and 
Mozer [2]. 

In  a  transparent  plasma  the  electric 
field  is  linearly  dépendent  on  strength 
of  the  electric  pump  field,  This  fact  sup- 
ported  the  correctness  of  the  field  calcu- 
lations made  using  the  Baranger  and  Mozer 
linear  theory.  Measurements  in  a  transpa- 
rent plasma  enabled  us  to  détermine  the 
fonnfactor  due  to,  as  was  mentioned  above, 
the  nonlocal  character  of  optical  measure- 
ments. The  formfactor  was  found  to  be  3. 

Near  the  plasma  résonance  (  £  =0) 
the  increase  in  the  electric  field  was  ob- 
served  only  with  the  pump  electric  field 
exceeding  the  threshold  value  (E    500  -i) 
and  reached  satiiration  for  the  elect- 
rie  pump  field      2000  v/cm  (      L^^     /  l^-^ 
^       8  10-2). 

The  polarization  of  the  electric 
field  in  plasma  may  be  determined  by  that 
of  satellites  of  the  forbidden  transition 
[5]  . 

Polarization  measurements  in  a  trans- 
parent plasma  in  the  présence  of  the  focu- 
sed (         Ae        10  mm;  beam  of  the  pump  wa- 
ve indicated  that  the  beam  field  is  aniso- 
tropic  with  the  ratio  e2/  e2  =  4  +  1  where 
the  direction  of  the  field  componê^nts  is 
determined  with  respect  to  the  wave  vector 
K  .  This  resuit  rather  well  correspondens 
to  the  electrodynamic  estimate  of  the  field 
components  at  the  focus  of  the  Gaussian  be- 

The  dependence  of  polarization  degree 
on  the  electric  field  in  the  pump  wave  is 
shown  in  Pig, 4.  For  fields  Eq  <  1000  v/cm 
polarization  measurements  are  difficult  to 
be  made  due  to  the  influence  of  unpolarized 
quasi-static  fields.  An  essential  anisotroRy 
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vms  observed  for  the  pump  fields  lOOOv/cm 
with  dominating  electric  field  along  the 
wave  vector   K  .  With  a  further  grovrth  of 
the  beam  field  the  anisotropy  in  the  elect- 
ric field  distribution  was  not  observed. 
Thus,  in  the  experiments  it  is  disco- 
vered  that  when  the  plasma  is  affected  by 
an  intense  electromagnetic  wave  as  a  re- 
3ult  of  nonlinear  interaction  there  ap- 
peared  plasma  waves  with  the  amplitude  of 
the  electric  field  exceedin^g  that  of  the 
pump  wave  field  possibly  up  to  the  charac- 
teristic  plasma  fields,  When  the  threshold 
field  was  exceeted  (Eo >  500  v/cm)  the 
slectric  field  component  along  the  wave 
vector  of  the  p\imp  wave  was  increas  ed,  Tle 
maximiim  increase  of       reas  ed  25  comparée! 
to  the  incident  radiation.  For  the  elect- 
ric field  component  perpendicular  to  the 
wave  vector,  the  enhancement  of  e2  aimounted 
to  4.  The  increase  in  the  longitudinal 
(with  respect  to  the  wave  vector  K  )  com- 
ponent of  the  electric  field  in  plasma  is 
apparently  due  to  nonlinear  déformation 
of  the  plasma  density  profile  and  trans- 
formation of  an  electromagnetic  wave  into 
plasma  one  directed  along  the  density  gra- 
dient. 
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Fig.1  Oscillograms:  I-Pump  signal; 
Il-Intensity  of  allowed  transition  émis- 
sion; III  -  Satellite  intensity; 
IY-"Past"  électron  current  (Wg  >  100  ev). 
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The  transition  from  visible  to  infra- 
red  (IR)  results  in  an  essential  increase 
Of  sensitivity  of  holographie  interferome- 
try  as  a  method  of  électron  density  mea- 
surement  in  a  plasma.  In  particular,  the 
use  of  IR  pulsed  CO^  laser  radiation  («A  = 
=10.5jim)  allows  to  study  a  plasma  densi- 
ty range  iW^L'>^^o'^^cm~^) ,  which  is  inac- 
cessible to  the  interf erometry  in  visible 
but  is  of  considérable  interest  for  stu- 
dying  a  séries  of  important  plasma  objects 
such  as  laser-produced  plasma,  theta-pinch, 
high-current  diode  plasma,  Tokamak  plasma, 
etc. 

In  Dur  previous  work  holograms 
produced  by  a  pulsed  CO^  laser  have  been 
recorded  on  différent  thermal  detectors. 
The  highest  quality  holograms  have  been 
obtained  on  plexiglass,  which  has  been 
used  for  the  first  time  as  a  recording  ma- 
tériel. 

In  the  présent  work  the  technique  of 
pulsed  IR  holography  and  double-exposiire 
holographie  interf erometry  at  10.6 j^m  has 
been  applied  to  studying  laser-produced 
plasma,  in  particular,  the  laser-produced 
spark  in  air  has  been  studied  starting 
with  a  few  microseconds  after  breakdown. 
Such  late  stages  of  the  spark  development 
have  been  chosen  by  two  reasons:  first, 
électron  density  in  the  spark  plasma  dec- 


reases  with  the  time  making  it  advisable 
to  operate  in  infrared  at  the  stages  when 
the  density  is  already  not  high  enough; 
second,  while  earlier  phases  (tens  of  np-  - 
noseconds  to  a  few  microseconds)  had  beco- 
me  formerly  the  subject  of  intense  study- 
ing j|2-5j  ,  in  particular,  by  means  of  ho- 
lographie techniques  using  a  rubj>  laser 
1^,5^  ,  later  stages  of  the  laser-producedi 
spark  in  air  mentioned  above  remained  out-i 
side  the  area  of  expérimental  studiea, 

A  pulsed  double-discharge  TE  laser^ 
was  used  for  obtaining  IR  holograms,  The 
laser  radiation  energy  was  about  10J,  be- 
ing  concentrated  in  the  most  part  in  a  pe- 
ak  of  X  2^  100  çts  width.  Holograms  of  the 
plasma  were  recorded  using  a  usual  double-i 
-beam  seheme.  Plexiglass  plates  of  1,5  nim 
thickness  were  used  as  a  recording  materi- 
al. 

A  spark  in  air  at  atmospheric  pressure 
was  produced  using  an  OGM-20  single-pulsed, 
ruby  laser  (puise  energy  0.5J,  puise  widthj 
25  H,s)  synchronized  with  the  pulsed  COg  laj- 
ser  which  served  for  obtaining  holograms,! 
The  ruby  laser  radiation  was  focased  in 
air  by  a  lens  of  2.5  cm  focal  length,  Botji 
single-exposure  and  double-exposure  IR 
holograms  of  the  laser-produced  spark 
have  been  obtained  for  a  séries  of  times  [ 
from  2  to  25 j^s  after  breakdown. 
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Spark  images  reconstructed  from  sing- 
le-expoâure  holograms  allow  one  to  trace 
to  the  dynamics  of  its  expansion  at  later 
stages.  Holographie  interf erograms  of  the 
spark  (Fig.1)  obtained  by  reconstruction 


Fig.1  Holographie  interf erograms  of 
the  laser-produced  spark. 
Delay  time:  a  -  6.2;  b  -  9.5 ^s. 

from  double-exposure  holograms  show  inter- 
férence fringe  shifts  to  decrease  with 
the  time  giving  évidence  of  decreasing  of 
mean  électron  density  in  the  spark  plasma 
as  a  resuit  of  expansion  and  recombinati- 
on  processes;  this  fact  is  also  responsib- 
le  for  observed  graduai  réduction  of  in- 
terferogram  areas  v^rhere  measurable  fringe 
shifts  are  présent  corresponding  to  the 
réduction  of  plasma  area  with  an  électron 
density  exceeding  the  sensitivity  limit 
of  holographie  interf erometry  at  lO.ôjim. 
By  means  of  a  quantitative  treatment  of 
measured  fringe  shifts  using  Abel  inver- 
sion the  spatial  and  temporal  distributi- 
on of  électron  density  in  decaying  spark 
plasma  was  determined. 

Apart  from  the  ruby  laser,  a  pulsed 
double-discharge    TE  laser  with  the 

maximum  radiation  energy  of  ai  100J  was 
also  used  for  plasma  production.  The 


puise  width  varied  from  0.1  to  1.5 ^s  de- 

pending  on  the  gas  mixture  composition. 
The  radiation  was  focused  in  air  or  on  the 
surface  of  a  solid  target  by  a  concave  cop- 
per  mirror    or  a  NaCl  lens  of  15  cm  focal 
length.  Experiments  were  carried  out  in  a 
stainless  steel  chamber  at  air  pressures 
varying  from  atmospheric  to  a  few  Torr. 

The  results  obtained  show  that  at  ne- 
ar-atmospheric  pressure  the    CO^  laser- 
produced  spark  has  such  a  complicated 
structure  that  no  quantitative  treatment 
of  holographie  interf erograms  is  possible. 
However,  when  air  pressure  is  decreased 
the  structure  of  the  laser-produced 
plasma  is  gradually  simplified  and  in  the 
pressure  range  20  to  a  few  Torr  we  suc- 
ceeded  in  performing  a  quantitative  treat- 
ment of  obtained  interf erograms. 
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Tiiis  report  complètes  tJie  list  of  our  pa- 
pers  f 1,2]  related  to  the  development  of 
tJae  physical  base  of  non-equilibrium 
plasma  spectroscopy .  The  transient  dense 
plasma  formed  witii  tiie  help  of  the  high 
current  puise  disciiarge  in  hélium  was 
chosed  as  an  ohject  of  o\ir  investigations 
The  main  peculiarities  of  such  plasma 
diagnostics  are  discussed  in  review  re- 
port fjjf»  lû  this  paper  we  consider  in  ad- 
dition two  other  problems  of  relatively 
wide  interest.  The  first  one  is  the  ef- 
f ect  of  expansion  of  the  PLTE  model  vali- 
dity  région  in  the  case  of  unhomogeneous 
plasma.  The  second  is  true  time  of  the 
plasma  stead;y-state  establishment. 
Expérimental  conditions. 
The  coa^ial  discharge  tube  with  a  1  cm 
inner  diameter  was  filled  with  spectral 
pure  hélium  at  a  pressure  of  5  torr.  The 
amplitude  of  current  puise  was  4.5  kA, 
length  being  8. 5 sec.  The  détails  of  the 
density  measurements  of  électrons  (i^g), 
ions  He'''  and  He"*"*"  as  well  as  those  of  the 
électron  température  T^  are  reported  in 
f  1].  During  the  time  interval  2+14 sec 

changed  in  the  région  (2+6).  10"''^  cm"-^ 
and        decreased  from  7.5  to  2.9  eV.  The 
gas  pressure  P^^  on  the  tube  wall  was  also 
measured  with  the  help  of  tne  piezoelect- 
ric  probe. 


■tiiXpansion  of  tne  PLTE  model  valiait.y 
région. 

A  number  of  effective  diagnostic  methods 
are  based  on  the  PLTE  modeir4,5J.  There- 
fore  it  is  important  to  Icnow  the  bounda- 
ry  of  the  région  where  this  model  is  va- 
lid.  This  boundory  may  be  found  with  the 
help  of  some  simple  criteria  inf ered  hy 
Griemr4J  and  others  from  balance  condi- 
tions of  direct  and  opposite  processes. 
However  accurate  calculation  in  whicn 
more  than  two  processes  are  taken  in  ac- 
count  gives  in  some  cases  strongly  nar- 
rowed  validity  région  (DrawinCôJ?) .  Ae 
woula  liice  to  note  that  the  opposite  si- 
tuation, namely,  the  expansion  of  tnis 
région  is  also  possible,  if  the  connec- 
tion between  the  ground  and  excited  le- 
vels  is  weaked.  We  have  observed  such 
case  in  our  experiments. 
The  ion  composition  of  the  investigated 
plasma  is  caused  by  strong  compétition 
of  many  processes[2j .  The  ground  states 
are  over  populated  because  of  mass  trans- 
fer  and  diffusion.  That  is  enough  to  ex- 
pect  the  excited  states  to  be  over  popu- 
lated too.  Fig.l  shows  the  expected  over 
population  degree  ^j^^^n'^^^'^  level 
n=4  Hell  as  a  function  of  time.  In  this 
calculation  the  électron  distribution 
function  fg(v)  is  usually  assumed  as 
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Fig.l. 

Maxwellian.  Tne  expected  value  of 
reaciies  2,  and  PI/TL  model  is  valid  for 
■fchis  level  only  at  two  order  niglier  îi^ 
tinm  tJaat  found  with  the  help  of  Griems 
criterion.  However  the  expérimental  values 
of        are  close  to  1,  tnat  is  we  obtain 
really  a  great  expansion  of  the  j^IiTL,  mo- 
del validity  région.  It  is  possible  to 
obtain  the  same  resuit  for  ail  other 
atoms,  the  excited  levels  of  which  are 
strongly  saifted,  similar  to  that  of  Hell, 
to  the  ionisation  boundary  (for  exaiiiple 
H,  Hel,  Wel  etc.).  This  effect  can  be 
easily  explained  by  the  non-maxwellian 
form  of  fg(v)  due  to  plasma  unnomogeneity . 
The  steady  state  establishment. 
It  is  usually  supposed  that  the  plasma 
pressure  becomes  nearly  constant  along  r 
after  the  time  t-^/r/w,  r  being  the  plasma 
column  radius,  w  -  the  velocity  of  shock 
( Sound)  wave.  Tnis  time  corresponds  to 
that  of  steado'  state  establishment.  Tnis 
postulate  is  used  in  dynamic  models  of 
high  current  puise  discharge.  It  is  also 
of  great  impo^ance  in  automoael  approxi- 
mation. 

In  our  expérimenta  t <  1    sec,  but  one 
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order  longer  time  is  required  to  acnieve  j 
nearly  constant  pressure.  Fij^.Z  shows 
the  radial  distributions  of  total  pres- 
sure P(r)  found  from  the  spectroscopic  / 
data  as  well  as  the  pressure  P^^  on  tue  ' 
tube  wall  at  so-je  moments  of  time.  r-oth 
at  P(r)  and  P^  tne  input  of  magnetic 
pressure  is  taken  into  account.  Tne 
pressure  becomes  nearly  constant  along  r 
only  after  12y>Asec.  Thus  the  use  of  auto- 
model  approximation  is  not  valid  for  tne 
analysis  of  plasma  state  during  this 
early  stages. 
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HOLCXiRAPHIC  TIME-DIFFERENTIAL  CINE-INTERFEROMETRY  OF  THE  GAS  DISCHARGE  PLASMA 

Yu.  I.  Filenko,  B.M.  Stepanov  and  L.S.  Ushakov. 

Gosstandax-d,  U.S.S.R. 


The  methods  of  obtaining  holographie 
time-diff erential  cine-interf erograms  of 
the  electric  discharge  in  the  air  are  con- 
sidered.  Thèse  are  the  improved  methods 
of  those  described  in    1,2    .  The  main 
idea  of  thèse  new  methods  is  that  the  ré- 
férence beam  is  passing  to  a  photographie 
plate  through  an  opaque  maak  (Pig.1)  with 
apertures  placed  along  the  spirals. 


Fig.1.  The  mask. 


When  rotating  such  a  mask  some  areas  of 
the  photographie  plate  are  opened  twiee 
to  puise  référence  radiation,  the  time 
between  exposures  being  multiple  the  ra- 
diation puise  répétition  period.  This  mul- 
tiplicity  dépends  on  the  area  position  of 
the  photographie  plate,  which  enables  the 
comparison  interf erograms  of  any  pair  of 
ail  recorded  diseharge  phases  to  be  obta- 
ined  in  one  recording.  The  number  of  the 
diseharge  phases  is  equal  to  that  of  the 
light  radiation  puises,  whoee  répétition 
rate  must  agrée    with  the  mask  rotation 
speed. 


The  block-diagram  of  the  expérimenta 
made  with  the  use  of  the  soviet  UIG-1M  ho- 
lographie instrument  and  the  above  methods 
is  shown  in  Fig.2. 


Fig.2.  The  block-diagram  of  the  experi- 
ments. 

The  ruby  laser  1,3,5  was  provided  with  an 
acousto-optical  modulator  2  to  generate 
the  required  puise  trains»  The  sound  wa- 
ve was  excited  in  the  water  cell  by  three 
symmetrical  transducers.  Applying  about 
10  kHz  interruption  frequency  to  the  dri- 
ving  acoustie  signal  and  choose  the  ap- 
propriate  pumping  level  the  stable  généra- 
tion of  5  giant  puise  train  was  obtained. 
The  rotation  speed  of  the  disk-mask  5  in 
the  référence  beam  was  40  000  r.p.s.  The 
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référence  beam  passed  through  the  mask 
twice  reflecting  from  the  mirror  1  placed 
bekiind  the  mask. 

To  agrée  the  mask  rotation  speed  with 
the  génération  puise  répétition  rate  a 
He-Ne  laser  17  was  used,  whose  beam  modu- 
lated  by  the  same  mask  was  falling  onto 
the  photodiode  16.  The  signais  from  the 
photodiode  and  the  driving  frequency  gene- 
rator  14  were  directed  to  the  two-beam  os- 
cillograph  15»  Four  interf erograms  of  the 
successive  phases  of  the  air  discharge 
between  the  électrodes  9  and  ail  the  time- 
differential  interf erograms  of  thèse  di- 
scharge phases  were  recorded  on  the  same 
photographie  plate  11. 

The  distributions  of  the  plasma  re- 
fraction factor  were  evaluated  in  the 
aslal  approximation  by  computer  processing. 
Thèse  distributions  corresponding  to  140/is 
and  240  jas  from  the  moment  of  initiation 
are  shown  in  Fig.  5a»"b.  There  are  also  gi- 
ven  the  error  intervais  whose  values  were 
caused  by  the  errors  of  data  obtaining 
and  processing.  In  Fig. 5c  the  solid  line 
dénotes  the  changing  of  the  refrection 
factor  between  phase  A  and  B  obtained  by 
subtracting  A  cuiTve  from  B  curve.  In  this 
case  the  error  interval  of  this  dépendan- 
ce tums  out  to  be  so  large  that  the  zéro 
line  n    (r)-n  (r)=0  is  included  into  it, 
with  such  a  processing  one  cannot  be  su- 
re whether  the  change  of  n  took  place  at 
ail.  The  results  of  the  time-dif f erential 
comparison  interf erogram  of  A  and  B  pha- 
ses is  shown  by  a  dashed  line  in  Fig. Je. 


Fig.  5.  The  results  of  interf erogram  pro- 
cessing. 

The  error  of      n  calculation  was  19%, 
which  allowed  quantitative  studies  of  the 
transition  A  B. 

It  should  also  be  pointed  out  that 
due  to  the  time-diff erential  interf erometry 
method  the  range  of      n  change  is  widened 
to  larger  values.  The  number  of  fringes 
acceptable  for  the  quantitative  proces- 
sing is  limited  by  the  obtained  space  re- 
solution, When  comparing  successive  pha- 
ses with  the  initial  phase  this  number 
détermines  the  déviation  of  the  object 
properties  from  the  initial  ones.  However 
the  time-dif f erential  interf erometry  me- 
thods  allow  such  number  of  fringes  for 
each  comparison  interf erogram  of  the  pha- 
se successive  pairs  resuit ing  in  the  men- 
ti oned  broadening. 
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STREAK  IMAGE  CAMERA* AGAT  WITH  PICOSECOND  TIME  RESOLUTION 
USED  FOR  INVESTIGATIONS  IN  PLASMA  PHYSICS 


V.I.  Averin,  G.M.  Brekhov,  B.S.  Gorbenko,  A.F.  Klepov,  G.V.  Kolesov,  L.I.  Kondrashova,  V.V,  Lebedev, 
V.A.  Miller  and  B.M.  Stepanov. 

Cosstandard,  U.S.S.R. 


Time-analizing  image  converters  PV-001 
and  PV-002R,  developed  by  the  All-Union 
Scientific  Research  Institute  of  Optical- 
Physical  Measurements  together  with  the 
Physical  Institute  of  the  Soviet  Academy  of 
Sciences,  make  it  possible  to  record  the 
puise  signais  of  radiation  in  visible  and 
near-infrared  région  as  well  as  in  soft 
X-ray  one. 

A  distinguishing  feature  of  the  focu- 
sing  Systems  of  the  both  converters  consis- 
ts  in  the  small  spread  of  électron  flight 
times  from  a  photocathode  to  the  deflection 
Systems  of  an  électron  beam  thanks  to  high 
electric  field  intensity  at  the  photoca- 
thode which  reaches  50  kV/cm. 

The  image  converter  PV-001  has  a  lov/ 
résistance  oxygen-silver-cesium  photocatho- 
de with  spectral  sensitivity  of  500  uA/W 
at  the  wavelength  1,05  um.  An  electronic 
shutter  is  arranged  behind  the  anode  in  the 
form  of  two  pairs    of  deflection  plates 
(shutter  and  compensating  ones),  the  shut- 
ter diaphragm  is  placed  between  them  (  the 
cutoff  voltage  of  an  électron  beam  is 
400  V  ).  Then  it  is  followed  by  the  wide- 
band  deflection  System  for  image  sweep  on 
the  screen.  The  spatial  resolution  of  the 
converter  is  not  less  than  55  mm  . 


The  image  converter  PV-002  H  has  a 
gold  photocathode  on  a  mica  substrate,  sen- 
sitive  over  the  soft  X-ray  région.  Two  mu- 
tually  perpendicular  deflection  Systems, 
each  of  them  is  analogous  to  the  deflection 
System  of  the  image  converter  PV-Q01,  âre 
arranged  behind  the  anode. 

The  calculation  of  the  electron-opti- 
cal  Systems  of  FV-001  and  FV-002R  is  car- 
ried  out  with  considération  for  ail  known 
factors,  which  restrict  a  limiting  time 
resolution,  if  the  subpicoseconddtime  re- 
solution is  ensured  in  the  PV-001  conver- 
ter and  the  picosecond  time  resolution  en- 
sured in  the  FV-002R  converter. 

The  electrostatic  converter  PMU-I  with 
a  microchannel  plate  (MKP)  is  designed  for 
the  contact  amplification  of  the  image 
brightness  at  the  output  of  the  time-ana- 
lyzing  converters. 

The  diameters  of  the  operating  area 
of  the  photocathode  and  anode  are  equal  to 
40  mm,  the  electron-optical  amplification 
is  I,  the  limiting  spatial  resolution  is 
20  mm"'^ ,  the  conversion  coefficient  at  the 
wavelength  0,45  um  is  not  less  than  1o\/W. 

One  of  the  above  mentioned  time-ana- 
lyzing  converters  connected  with  the  PMU-I 
brightness  amplifier  by  f iber-optical  disks 
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may  be  used  in  a  streak  caméra  "Agat". 

The  image  sweep  at  the  caméra  output 
is  photographed  on  a  standard  high  sensi- 
tive  film  with  the  width  of  55  mm  by  means 
of  a  contact  caméra  attachment.  The  maxi- 
mum dimensions  of  the  image  on  the  film  are 
10  X  40  mm  at  the  spatial  resolution  up  to 
20  mm"''»  To  prevent  the  exposure  of  the 
film  by  the  background  of  the  brightness 
amplifier,  MKP  is  supplied  by  puise  voltage. 

At  customer's  wish  the  caméra  may  be 
also  complète  with  a  specially  developed 
System  for  immédiate  visualization  and  di- 
gital processing  of  the  recorded  data. 

The  rest  of  the  caméra  technical  cha- 
racteristics  are  given  below; 

-  Spectral  sensitivity  range  (A): 
with  the  image  converter 

P7-001    5800-12000 

with  the  image  converter 
P7-002R   1  -  10 

-  Sweep  duration^ ns/cm  ....  0,2;  0,5; 

1,0;2,0;5,0; 
10,0;20,0; 
50,0;100,0; 
200,0 ;5C0,0. 

-  Limiting  time  resolution, 
psec    1 

-Self-delay  of  starting, 

usée  ..••.•*..*••  not  more, 

than  15 

-  Additional  delay  of  star- 
ting  controlled  every 

other  nanosecond   0  -  110 

-  Power  consumption  of  the 
caméra  220  V,^0  Hz  (VA)..  90 

-  Overall  dimensions,  mm...  920x560x250 

-  Mass,  kg  not  more. 


than  25.  j 
The  caméra  "  Agat  "  has  been  already  ' 
used  when  investigating  différent  high- 
speed  processes,,  such  as  picosecond  puise 
duration  génération  of  solid-state  lasers 
and  dye-ihasers,  focused  laser  radiation 
interaçtion  with  différent  média,  develop- 
ment  of  electrical  breakdown  in  gas  and 
dielectric  creeping  discharge  under  the 
action  of  high-voltage  nanosecond  puises. 

The  examples  of  recording  high-speed 
processes  by  means  of  the  caméra  "Agat" 
are  given  in  Fig.  1-5. 


Fig.  1.  Photochronogram  of  the  internai 

structure  of  a  génération  spike  cl 
a  M:glass  mode-locking  laser. 


Fig.  2.  Microphotogram  of  UY  spikes  of  a 
Nd;glass  laser. 


Fig.  5.  Photochronographic  recording  of 


breakdown  in  gas  between  the  points  gf  th 
électrodes.  The  sweep  rate  is  1,5  10  cm/ s 
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SPECTROMETRIE  X  DANS  LES  PLASMAS  CREES  PAR  LASER  ;  APPLICATION  A  L'ETUDE 
DES  PHENOMENES  DE  TRANSPORT  DE  L'ENERGIE 

G.  Thiell,  B.  Meyer,  M.  Louis-Jacquet  and  J.C.  Couturaud. 

Commissariat  à  l'Energie  Atomique,  Centre  d'Etudes  de  Limeil,  B.P.  n^27,  94190  Villeneuve-Saint- 
Georges,  France. 


Résumé.--    Les  études  re la tives  aux  phénomènes  de  transport  de  l'énergie 
sont  poursuivies  au  CEL,  dans  le  cadre  des  expériences  d'implosion  par 
rayonnement  laser.  Nous  présentons  une  méthode  fondée  sur  l'analyse 
spectrométrique  du  rayonnement  X,  le  plasma  étant  créé  par  l'irradiation 
de  cibles  constituées  d'un  dépôt  d'Al,  d'épaisseur  variable,  sur  un 

Nous  décrivons  d'abord  le  dispositif  expérimental  et  les  moyens 
de  diagnostic  utilisés  pour  l'étude  du  rayonnement  X  dans  la  gamme  4-8  A. 
Après  avoir  précisé  l'équilibre  d'ionisation  caractéristique  d'un  tel 
plasma,  nous  exposons  la  méthode  de  calcul  de  son  émission  utilisant 
les  distributions  de  Te  et  de  Ne  obtenus  par  ailleurs  à  l'aide  d'un  code 
hydrodynamique  lagrangien.  La  comparaison  avec  l'expérience  conduit  à 
la  détermination  de  paramètres  caractéristiques  des  phénomènes  de  transport 
de  l'énergie. 
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PREFACE 


Cet  ouvrage  contient  les  communications  présentées  à  CIPIG  14,  quatorzième  conférence  sur  les  phénomènes 
d'ionisation  dans  les  gaz,  tenue  à  Grenoble  du  9  au  13  juillet  1979  sous  le  patronage  de  l'URSI,  de  l'IUPAP,  de  l'EPS,  de  la 
5FP  et  de  la  SEE  en  ce  qui  concerne  les  Sociétés  Savantes,  du  Ministère  des  Universités,  de  la  DGRST,  de  la  DRET,  du 
ZNRS,  du  CEA  et  de  l'EDF  en  ce  qui  concerne  nos  Grands  Organismes  Nationaux. 

C'est  au  Professeur  A.  Von  ENGEL  que  revient  le  mérite  d'avoir  perçu  la  nécessité  d'établir,  entre  les  Scientifiques 
travaillant  dans  tous  les  domaines  de  la  décharge  électrique  dans  les  gaz  et  de  la  physique  du  plasma,  des  contacts 
Dériodiques  destinés  à  leur  permettre  d'avoir  une  vue  générale  sur  l'ensemble  de  la  discipline.  C'est  à  ses  efforts  que  nous 
devons  d'en  avoir  maintenu  la  tradition  depuis  1953,  jusqu'au  moment  où  la  relève  de  l'initiative  personnelle  s'est  trouvée 
oeu  à  peu  confiée  à  des  institutions  stables,  comme  le  Comité  Scientifique  International,  avec  des  règles  acceptées  par 
tous  pour  partager  de  façon  équitable  le  poids  des  responsabilités  qu'entraîne  l'organisation  de  nos  Conférences, 

Le  redoutable  honneur  d'inviter  la  Communauté  Scientifique  Internationale  à  Grenoble  a  certes  demandé  à  notre 
Zomité  d'Organisation  un  effort  de  longue  haleine.  Mais  il  convient  de  rappeler  aussi  que  sans  l'aide  du  Comité 
Scientifique  International,  sans  les  encouragements  des  personnalités  qui  forment  notre  Comité  de  Patronage,  sans  le 
travail  des  scientifiques  qui  ont  bien  voulu  apporter  leur  aide  à  la  sélection  des  communications,  cet  effort  n'aurait  pas  pu 
Dorter  ses  fruits.  Sans  l'aide  financière  du  Ministère  des  Universités,  de  la  mairie  de  Grenoble,  du  Conseil  General  de 
l'Isère  du  CNRS,  du  CEA,  de  l'EDF,  de  la  DRET,  de  la  DGRST  et  de  l'IUPAP,  le  budget  de  cette  manifestation  n'aurait  pas 
pu  être  équilibré  ;  sans  la  participation  active  du  CNFRS  qui  a  bien  voulu  accueillir  dans  son  sein  notre  Comité  d'Organi- 
sation, et  sans  l'aide  matérielle  apportée  à  ce  comité  par  Grenoble  Accueil  et  par  l'Université  Scientifique  et  Médicale  de 
Grenoble,  rien  n'aurait  été  possible. 

Pour  terminer,  il  faut  reconnaître  l'évidence  :  une  réunion  ne  vaut  que  ce  que  valent  ses  Conférences  et  ses 
Communications.  Remercions  donc  les  Conférenciers  Invités  et  les  auteurs  des  Communications  pour  avoir  distillé  pour 
nous  la  substantifique  moelle  qui  restera  dans  l'esprit  des  participants,  avec  le  charme  de  la  région  grenobloise  et 
l'hospitalité  de  ses  habitants,  la  justification  et  en  même  temps  la  récompense  de  l'effort  de  chacun. 


J.  TAILLET 


FOREWORD 


This  volume  contains  the  communications  presented  at  ICPIG  14,  the  XlVe  Conférence  on  Phenomena  in  lonized 
Gases,  held  in  Grenoble  (France)  from  9th  to  the  13th  of  July  1979,  under  the  sponsorship  of  URSI,  lUPAP,  EPS,  SFP  and 
SEE,  and  the  patronage  of  the  Ministry  of  the  Universities,  of  DGRST,  DRET,  CNRS,  CEA  and  EDF. 

■  Professor  A.  Von  ENGEL  had  the  foresight  to  understand  the  necessity  of  establishing  periodic  contacts  between 
the  scientists  v/orking  on  ail  aspects  of  gaseous  electronics  and  plasma  physics,  in  order  to  give  a  gênerai  view/  of  the 
w/hole  discipline.  It  is  thanks  to  his  efforts  that  we  continued  this  tradition  from  1953  up  to  the  moment  that  his  personal 
initiative  was  slov*^ly  transferred  to  permanent  institutions,  such  as  the  International  Scientific  Committee.  They 
permitted  the  organization  of  our  Conférences  to  establish  rules  accepted  by  ail  so  as  to  spread  in  an  équitable  way  the 
weight  of  the  responsibilities. 

The  honor  of  inviting  the  international  Scientific  Community  to  Grenoble  has  imposed  on  our  Local  Committee  a 
long  and  strenuous  effort.  But  we  must  remember  that  v»/ithout  the  help  of  the  International  Scientific  Committee,  w/ithout 
the  encouragement  of  the  people  v/ho  form  our  Patronage  Committee,  vi/ithout  the  work  of  the  scientists  w/ho  have  agreed 
to  give  their  aid  in  selecting  the  Communications,  this  effort  would  not  have  succeeded.  The  budget  of  this  conférence 
could  not  have  been  balanced  w/ithout  the  financial  aid  of  the  Ministry  of  Universities,  of  the  Grenoble  City  Hall,  of  the 
General  Council  of  Isère,  CNRS,  CEA,  EDF,  DRET,  DGRST  and  the  lUPAP.  Without  the  matériel  aid  given  us  by  Grenoble 
Accueil  and  by  the  Scientific  and  Médical  University  of  Grenoble,  and  without  the  guaranty  of  the  CNFRS  to  our  Local 
Committee,  nothing  would  have  been  possible. 

Finally,  we  must  look  at  the  évidence  ;  a  scientific  meeting  is  worth  no  more  than  the  value  of  its  conférences  and 
its  Communications.  Let  us  therefore  thank  the  Invited  Speakers  and  the  authors  of  the  Communications  for  having 
distilled  for  us  the  scientific  essence  of  this  Conférence.  This  distillation  will  remain  in  the  memory  of  the  participants 
along  with  the  charm  of  Grenoble  and  the  hospitality  of  its  inhabitants,  as  the  justification  and  as  the  recompense  of  the 
efforts  of  each  one  of  us. 
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Plasma  in  laboratory  and  space 

H.  Alfvcn 

Royal  Inslitute  oflcthnology,  Department  of  Plasma  Physics,  S-100  44  Stockholm,  Sweden 


Résumé  -  On  étudie  les  phénomènes  du  plasma  en  laboratoire,  dans  les  magnétosphères,  et  dans  les  régions 
astrophysiques  les  plus  lomtaines.  Il  est  probable  que  les  qualités  de  base  des  plasmas  sont  partout  les  mêmes, 
mais  la  translation  des  connaissances  entre  les  régions  exige  des  lois  d'échelle  d'un  facteur  allant  jusqu  a  10 
(=  la  proportion  entre  la  distance  Hubble  10^'  cm  et  les  dimensions  du  laboratoire,  disons  10  cm). 
Les  phénomènes  du  plasma  sont  compliqués  et  on  ne  peut  les  comprendre  qu'au  moyen  de  diagnostics  sophistiques. 
Jusqu'à  présent,  les  diagnostics  en  laboratoire  ont  été  développés  avec  succès  et  la  physique  du  plasma  dans  1  espace 
doit  se  baser  sur  un  flux  de  connaissances  du  laboratoire.  Cependant,  les  mesures  m  situ  dans  les  magnétosphères 
(y  compris  l'hèliosphère  =  la  magnétosphère  solaire)  ont  atteint  un  tel  niveau  de  sophistication  qu  en  quelque 
sorte  la  physique  du  plasma  magnétosphérique  devance  la  physique  du  plasma  en  laboratoire. 
Ainsi'  l'exploration  des  régions  astrophysiques  (définies  comme  les  régions  non  encore  accessibles  aux  mesures 
in  situ)  doit  se  baser  sur  une  translation  des  connaissances  non  seulement  à  partir  de  la  physique  de  laboratoire, 
mais  aussi  à  partir  de  la  physique  de  la  magnétosphère.  De  plus,  une  translation  des  connaissances  des  magnéto- 
sphères au  laboratoire  peut  rajeunir  les  recherches  de  la  fusion.  Les  recherches  magnétospheriques  ont  démontre 
qu'il  y  a  des  régions  du  plasma  de  deux  sortes  : 

—  les  régions  du  plasma  passives,  lesquelles  peuvent  être  décrites  par  la  théorie  classique  de  l'hydrodynamique. 
Elles  transmettent  des  ondes  et  des  particules  chargées  de  haute  énergie,  mais  si  les  courants  de  champ-ahgne 
dépassent  une  certaine  valeur  elles  sont  transférées  dans  : 

—  les  régions  du  plasma  actives.  Celles-ci  transportent  les  courants  de  champ-aligné  qui  leur  donnent  une  structure 
de  filament  ou  de  feuille  d'une  épaisseur  allant  jusqu'à  quelques  rayons  cyclotroniques  (ioniques  ou  électroniques). 
Elles  transmettent  l'énergie  d'une  région  à  une  autre,  et  produisent  des  doubles  couches  électriques  qui  accélèrent 
les  particules  à  hautes  énergies.  On  ne  peut  pas  décrire  les  régions  actives  par  les  théories  hydromagnétiques. 
Des  conditions  limites  sont  essentielles,  et  peuvent  être  introduites  par  une  théorie  des  circuits.  Un  traitement 
équivoque  des  conditions  limites  est  souvent  inévitable  dans  les  théories  de  fusion  magnétique. 

La  translation  des  connaissances  à  partir  du  laboratoire  et  des  magnétosphères  engendre  désormais  une  révolution 
dans  l'astrophysique.  Par  exemple,  la  théorie  de  la  formation  du  système  solaire  peut  se  baser  sur  l'extrapolation 
de  ce  que  l'on  sait  de  la  physique  magnétosphérique  et  de  la  physique  du  plasma  en  laboratoire.  Cependant,  il  y  a 
deux  sortes  de  plasmas  qui  sont  importants  en  astrophysique  et  qu'on  ne  peut  pas  encore  étudier  m  en  laboratoire 
ni  dans  les  magnétosphères  :  les  plasmas  poudreux,  d'importance  dans  les  nuages  mterstellaires,  et  les  ambi- 
plasmas  (se  composant  de  la  matière  aussi  bien  que  de  l'antimatière),  d'importance  dans  le  débat  cosmologique. 

Abstract.  -  Plasma  phenomena  are  studied  m  the  laboratory,  in  the  magnétosphères,  and  in  more  distant  astro- 
physical  régions.  The  basic  properties  of  plasmas  are  likely  to  be  the  same  everywhere  but  the  transfer  of  Know- 
ledge between  the  régions  requires  laws  of  scaling  by  a  factor  of  up  to  lO^''  (=  ratio  between  Hubble  distance 
10^^  cm  and  laboratory  dimensions,  say  10  cm). 

Plasma  phenomena  are  complicated  and  can  be  understood  only  with  the  help  of  a  very  sophisticated  diagnostics. 
Up  to  recently,  diagnostics  in  the  laboratory  was  best  developed  and  space  plasma  physics  must  be  based  on 
a  flow  of  knowledge  from  the  laboratory.  However,  in  situ  measurements  in  the  magnétosphères  (including  the 
hehosphere  =  the  solar  magnétosphère)  has  now  reached  such  a  sophistication  that  in  some  respects  magneto- 
spheric  plasma  physics  is  ahead  of  laboratory  plasma  physics. 

Hence  the  exploration  of  astrophysical  régions  (defined  as  those  régions  not  yet  accessable  to  in  situ  measure- 
ments) must  be  based  on  a  transfer  of  knowledge  not  only  from  laboratory  physics  but  also  from  magnetospheric 
physics.  Further,  a  transfer  of  knowledge  from  the  magnétosphères  to  the  laboratory  may  rejuvenate  fusion 
research. 

Magnetospheric  research  has  demonstrated  that  there  are  plasma  régions  of  two  difTercnt  kinds  : 

-  passive  plasma  régions,  which  can  be  descnbed  by  classical  hydrodynamic  theory.  They  transmit  waves  and 
high  energy  charged  particles  but  if  the  ficld-aligned  currents  excecd  a  certain  value  they  are  transferred  into. 

-  active  plasma  régions.  Thèse  carry  field-aligned  currents  which  give  them  afilamentary  or  sheet  structure  with 
Ihickness  down  to  a  fcw  cyclotron  radii  (lonic  or  even  electronic).  They  transmit  energy  from  one  région  to  another 
and  producc  eleclric  double  layers  which  accelerate  particles  to  high  énergies.  Active  régions  cannot  be  descnbed 
by  hydromagnetic  théories.  Boundary  conditions  are  essential  and  may  be  introduced  by  circuit  theory.  (Erroneous 
treatment  of  boundary  conditions  is  often  fatal  in  magnetic  merging  théories.) 
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Transfer  of  knowledge  from  the  laboratory  and  the  magnetospheres  is  now  starting  a  révolution  in  astrophysics. 
For  example  the  theory  of  formation  of  the  solar  System  can  be  based  on  extrapolation  of  what  is  known  from 
magnetospheric  and  laboratory  plasma  physics. 

However,  there  are  two  kmds  of  astrophysically  important  plasmas  which  cannot  yet  be  studied  in  the  laboratory 
or  in  the  magnetospheres  :  dusty  plasmas,  of  importance  in  interstellar  clouds,  and  ambiplasmas  (consisting  of 
both  matter  and  antimatter),  of  importance  in  the  cosmological  discussion. 


Introduction  :  The  importance  of  translation.  — 

Translation  is  difficult.  ^  ou  realize  this  when  you 
attend  a  meeting  in  English  in  a  French-speaking 
country,  especially  if  your  mother  tongue  is  neither 
English  nor  French.  To  use  another  great  language 
for  a  moment,  the  Itahans  say  :  tradutore-traditore 
(a  translator  is  a  traitor).  Also,  the  types  of  transla- 
tion we  shall  discuss  in  this  paper  are  not  always 
exact. 

In  modem  plasma  physics  translation  is  very 
important  in  several  respects.  Plasmas  are  studied 


both  in  the  laboratory  and  in  space,  and  there  are 
good  reasons  to  believe  that  in  several  important 
respects  the  basic  properties  of  laboratory  plasmas 
and  spa^ce  plasmas  are  the  same.  But  as  the  linear 
scale  of  laboratory  experiments  is  —  say  —  10  cm, 
a  scaling  by  a  factor  of  10''  to  10'^  is  necessary  in 
order  to  apply  the  laboratory  results  to  planetary 
magnetospheres  or  to  the  solar  magnetosphere  (helio- 
sphere  or  interplanetary  space).  Furthermore  to 
apply  the  results  to  galactic  and  intergalactic 
—  including  cosmological  —  problems  we  have  to 


Fig.  1.  —  Plasmas  in  laboratory  and  in  cosmos. 
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seule  up  by  anothcr  laclor  ol"  10'  to  10'-  or  more. 
As  différent  plasma  parameters  obey  différent  sealing 
laws,  translation  from  one  région  to  another  is  often 
difficult. 

Figure  1  gives  a  survey  of  some  important  plasma 
phenomena.  Probably  several  of  them  are  elosely 
related  although  a  sealing  by  a  very  large  faetor  is 
essential  in  order  to  realize  this.  Henee  important 
progress  in  plasma  physies  ean  be  expeeted  if  we 
sueeeed  in  unifying  the  différent  fields.  However, 
this  ean  only  be  done  if  we  study  the  very  diffieult 
field  of  sealing  plasma  phenomena.  Henee  we  shall 
dévote  §  2.1  to  sealing  laws. 

There  is  another  translation  whieh  also  is  very 
important  :  the  translation  between  a  magnetic 
field  description  and  a  cunent  description  of  plasma 
phenomena.  Spaee  measurements  of  magnetie  fields 
are  relatively  easy,  whereas  direet  measurements  of 
eleetrie  eurrents  are  very  diffieult,  in  many  eases 
impossible.  Henee  it  is  natural  to  présent  the  results 
of  spaee  exploration  (by  spaeeerafts  and  by  astro- 
physieal  observations)  by  pictures  of  the  magnetic 
field  configuration.  Furthermore,  in  magnetohydro- 
dynamic  théories,  it  is  eonvenient  to  eliminate  the 
current  (i  =  current  density)  and  represent  eleetrie 
eurrents  by  curl  B.  This  method  is  acceptable  in  the 
treatment  of  a  number  of  phenomena  (see  Fig.  2). 

However  there  are  also  a  number  of  phenomena 
which  cannot  be  treated  in  this  way  but  require  an 
approach  in  which  the  eleetrie  current  is  taken 
account  of  explicitely  (see  Fig.  2).  The  translation 
between  the  magnetic  field  description  and  the  elee- 
trie current  description  is  made  by  the  help  of  Max- 
well's  first  équation 


Translational  formula 
curl  B  =  —  i 


curl  B  -- 


4n. 


clD 


(1) 


where  the  displacement  current  usually  can  be 
neglected. 

As  is  shown  in  figure  2  some  kinds  of  plasma  phe- 
nomena should  be  described  by  the  field  picture 
and  others  by  the  current  picture.  Attempts  to  des- 
cribe  a  certain  group  of  phenomena  with  the  wrong 
formalism  often  lead  to  erroneous  results  (see  Alfvén, 
1977a).  We  shall  discuss  this  further  in  Part  II. 

1 .  Part  I.  Passive  and  active  plasmas.  —  1.1 

Expérimental  and  theoretical  approach  to  plas- 
ma PHYSics.  —  Plasma  physies  has  started  along  two 
parallel  lines.  One  is  the  hundred  years  old  investi- 
gations in  what  was  called  electrical  discharges  in 
gases.  To  a  high  degree  this  approach  was  expéri- 
mental and  phenomenological,  and  only  very  slowly 
it  reached  some  degree  of  theoretical  sophistication. 
Most  theoretical  physicists  looked  down  on  this 
field,  which  was  complicated  and  awkward.  The 
plasma  exhibitcd  striations  and  double-layers,  the 
électron  distribution  was  sometimes  very  far  from 


CURRENT  DESCRIPTION 


MAGNETIC  FIELD 
DESCRIPTION 

Magnetic  fields  :  Electric  eurrents  :  Difficult  to 

Measured  rather  easily  measure  directly  but  essential 

Basic  for  plasma  anisotrophy         for  understanding  ; 
High  energy  parlicles  move  pre-       Double  loyers 
ferentialiy  along  field  lines  or      Magnetic substorms,solarflar es, 
neutral  lines  (sheets)  folding  umbrella  phenomenon 

Gives  a  good  description  of      m  comets 
some  waves  in  plasmas  Current  sheel  discontinuities 

Cellular  structure  of  spaee 
Transfer  of  energy  from  one 
région  to  another 
Applicable  in 

Passive  plasma  régions  Active  plasma  régions 

The  plasma  dualism  is  somewhat  analogous  to  the  gênerai 
particle-field  dualism  in  physies. 

The  current  description  requires  a  new  formalism  with 
ELECTRIC  CIRCUITS  as  an  important  ingrédient.  This  is 
somewhat  analogous  to  the  necessity  of  introducing  a  new  forma- 
lism when  the  importance  of  quantum  phenomena  was  discovered. 

Fig.  2.  —  Dualism  in  plasma  physies. 


Maxwellian,  there  were  ail  sorts  of  oscillations  and 
instabilities.  In  short,  it  was  a  field  which  was  not 
at  ail  suited  for  mathematically  élégant  théories. 

The  other  approach  came  from  the  highly  deve- 
loped  kinetic  theory  of  ordinary  gases.  It  was  thought 
that  with  a  limited  amount  of  work  this  field  could 
be  extended  to  include  also  ionized  gases.  The  théo- 
ries were  mathematically  élégant  and  claimed  to 
dérive  ail  the  properties  of  a  plasma  from  first  prin- 
cipes. In  reality  this  was  not  true.  Because  of  the 
complexity  of  the  problem  a  number  of  approxima- 
tions were  necessary  which  were  not  always  appro- 
priate.  The  théories  had  very  little  contact  with  expé- 
rimental plasma  physies,  and  ail  the  awkward  and 
complicated  phenomena  which  had  been  observed 
in  the  study  of  discharges  in  gases  were  simply 
neglected. 

In  cosmical  plasma  physies  the  expérimental 
approach  was  initiated  by  Birkeland,  who  was  the 
first  one  to  try  to  connect  laboratory  plasma  physies 
and  cosmic  plasma  physies.  (Neither  of  the  terms 
was  used  at  that  time  !)  Birkeland  observed  aurorae 
and  magnetic  storms  in  nature,  and  tried  to  under- 
stand  them  through  his  famous  terrella  experiment. 
He  found  that  when  his  terrella  was  immersed  in  a 
plasma,  luminous  rings  around  the  pôles  were  pro- 
duced  (under  certain  conditions).  Birkeland  identified 
thèse  rings  with  the  auroral  zones.  As  we  know  loday, 
this  was  essentially  correct.  Further  he  construeted 
a  model  of  the  polar  magnetic  storms,  supposing 
that  the  auroral  electrojet  was  closed  through  vertical 
eurrents  (along  the  magnetic  field  lines).  This  idea 
also  is  essentially  correct.  Henee  although  Birkeland 
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could  not  know  very  much  about  the  complicated 
structure  of  the  magnetosphere,  research  today  fol- 
lows  essentially  Birkeland's  Unes,  of  course  supple- 
mented  by  space  measurements. 

Unfortunately,  the  progress  along  thèse  lines  was 
disrupted.  Théories  about  plasmas  —  at  that  time 
called  ionized  gases  —  were  developed  without  any 
contact  with  the  laboratory  plasma  work.  In  spite 
of  this  —  or  perhaps  because  of  this  —  the  belief  in 
them  was  so  strong  that  they  were  applied  directly 
to  space.  One  of  the  results  was  the  Chapman-Ferraro 
theory,  which  soon  got  generally  accepted  to  such 
an  extent  that  Birkeland's  approach  was  almost 
completely  forgotten.  For  thirty  or  forty  years  it 
was  often  not  even  mentioned  in  text  books  and 
surveys,  and  ail  attempts  to  revive  it  and  develop  it 
were  neglected. 

■  1.1.1  Confrontation  hetween  theory  and  experi- 
ments.  —  The  crushing  victory  of  the  theoretical  ap- 
proach over  the  expérimental  approach  lasted  as 
long  as  a  confrontation  with  reality  could  be  avoided. 
However,  from  the  theoretical  approach,  it  was 
concluded  that  plasmas  could  easily  be  confined  in 
magnetic  fields  and  heated  to  such  températures  as 
to  make  thermonuclear  release  of  energy  possible. 
When  attempts  were  made  to  construct  thermo- 
nuclear reactors,  a  confrontation  between  the  théo- 
ries and  reality  was  unavoidable.  The  resuit  was 
catastrophic.  Although  the  théories  were  generally 
accepted  the  plasma  itself  refused  to  believe  in  them. 
Instead  the  plasma  showed  a  large  number  of  impor- 
tant eflFects,  which  were  not  included  in  the  theory. 
It  was  slowly  realized  that  one  had  to  build  up  new 
théories  but  this  time  in  close  contact  with  experi- 
ments. 

The  thermonuclear  crisis  did  not  aflfect  cosmical 
plasma  physics  very  much.  The  development  of  the 
théories  went  on  because  they  largely  dealt  with 
phenomena  in  régions  of  space  where  no  real  check 
was  possible.  The  fact  that  the  basis  of  several  of 
the  théories  had  been  proved  to  be  false  in  the  labo- 
ratory had  very  little  effect  ;  one  said  that  this  did 
not  necessarily  prove  that  they  must  be  false  also  in 
cosmos  ! 

The  second  confrontation,  however,  came  when 
space  missions  made  the  magnetosphere  and  inter- 
planetary  space  accessible  to  physical  instruments. 
The  first  results  were  interpreted  in  terms  of  the 
generally  accepted  théories,  or  new  théories  were 
built  up  on  the  same  basis.  However,  when  the  obser- 
vational  technique  became  more  advanced,  it  became 
obvious  that  thèse  théories  were  not  applicable.  The 
plasma  in  space  is  just  as  complicated  as  laboratory 
plasmas. 

A  survey  of  what  is  known  about  the  magneto- 
spheric  plasmas  is  given  for  cxample  in  «a  récent 
report  from  the  Alpbach  Symposium  on  Magnefo- 
spheric  Boundary  Phenomena  (Battrick.  1979). 


1.2  Présent  state  of  the  classical  theory.  — 
The  classical  theory,  the  foundation  of  which  is  due 
to  Chapman  and  Cowling,  has  been  very  successful 
in  accounting  for  ail  those  phenomena  which  according 
to  figure  2  are  related  to  the  field  description.  The 
propagation  of  waves  in  plasmas  belongs  to  this  cate- 
gory,  and  so  does  the  motion  of  high  energy  charged 
particles  and  the  drift  of  low  energy  particles,  including 
mirror  eflFects.  However,  a  real  plasma  has  many  pro- 
perties  which  are  not  easy  to  describe  by  the  classical 
formalism.  Certainly  it  is  possible  to  produce  exter- 
nally  heated  plasmas  (e.g.  cesium-plasmas)  which  are 
completely  quiescent,  and  in  thèse  the  classical 
formalism  seems  to  give  a  good  description.  For 
références  see  for  example  Motley  1975. 

However,  as  soon  as  an  electric  current  is  passed 
through  the  quiescent  plasma  a  number  of  compli- 
cated phenomena  are  produced  which  require  an 
extensive  development  of  classical  theory,  some- 
times  even  a  new  approach  (Clark  and  Hamberger, 
1979). 

The  most  important  of  thèse  anomalous  properties 
are  ; 

a)  Sometimes  the  plasma  becomes  more  noisy 
than  expected  theoretically,  sometimes  less. 

b)  The  energy  distribution  becomes  strongly  non- 
Maxwellian  ;  there  is  a  considérable  —  sometimes 
very  large  —  excess  of  high  energy  particles.  The 
velocity  distribution  is  very  often  highly  anisotropic. 

c)  The  électron  température  may  be  orders  of 
magnitude  larger  than  the  ion  température  which 
may  be  considerably  higher  than  the  neutral  gas 
température,  which  again  may  dififer  from  the  wall 
température  or  the  température  of  the  dust  (in  case 
the  plasma  is  dusty). 

1.2.1  Instabilities.  —  There  are  a  very  large  num- 
ber of  phenomena  which  often  are  referred  to  as 
instabilities.  Examples  of  such  phenomena  are  : 

d)  At  sufficiently  large  current  density  the  plasma 
may  contract  into  filaments  (Marklund,  1978). 

e)  In  case  the  plasma  consists  of  a  gas  mixture, 
plasma  phenomena  often  separate  its  components 
(Marklund,  1979). 

/)  When  the  électron  drift  velocity  exceeds  the 
thermal  velocity,  double  layers  may  be  produced 
(Torvén,  1978).  Under  certain  conditions  thèse  may 
explode  and  produce  violent  current  surges  and  lead 
to  the  accélération  of  plasma  particles,  sometimes 
up  to  extremely  high  énergies,  even  cosmic  ray  éner- 
gies (Carlqvist,  1969,  1972,  1973). 

g)  It  is  also  possible  that  at  current  densities  above 
a  certain  limit  the  resistivity  of  the  plasma  increases 
by  orders  or  magnitude  {anomalous  resistivity)  but 
arguments  for  the  occurrence  of  such  a  phenomenen 
are  still  not  convincing.  (In  several  cases  the  forma- 


PLASMA  IN  LABORATORY  AND  SPACli 


(7-5 


tion  of  double  layers  may  have  becn  inlcrpreled  as 
anomalous  resistivity.) 

//)  When  ^  the  ratio  between  gas  pressure  and 
magnetostatic  pressure)  approaches  unity,  the  geo- 
metrical  confinement  of  a  plasma  may  be  deformed. 
The  long  list  of  such  instabilities  include  the  kink 
instahility,  and  sausage  instahility. 

1.3  BOUNDARY  CONOmONS.  CiRCUIT  DEPENDENCi;. 

—  When  applying  the  classical  theory  and  its  modem 
development,  it  is  often  not  observed  how  important 
the  boundary  conditions  are.  Infinité  plasma  models 
or  models  with  static  boundary  condition  are  often 
applied  to  problems  with  variable  boundary  condi- 
tions. This  often  gives  completely  erroneous  results  : 
In  many  théories  it  is  taken  for  granted  that  the 
behaviour  of  a  plasma  dépends  only  on  the  local 
parameters  (e.g.  density,  température,  magnetic  field). 
This  is  often  seriously  misleading.  As  an  example, 
in  a  non-curlfree  (=  current  carrying)  plasma  the 
properties  of  the  plasma  are  not  only  a  function  of 
the  local  parameters  but  also  of  the  outer  circuit, 
in  which  the  current  /  closes.  For  références  see 
Alfvén  1977a,  Torvén  1978.  Figure  3  shows  how  is 
a  simple  circuit,  consisting  of  an  electromotive 
force  V,  a  resistor  R  and  an  inductance  L.  By  changing 
R  or/and  L  the  behaviour  of  the  plasma  may  be 
changed  in  a  drastic  way.  The  value  of  R  décides 
whether  the  plasma  is  relatively  stable  or  oscillating. 
If  the  plasma  contains  a  double  layer,  which  explodes, 
the  circuit  energy  \  LP  is  released  in  this.  Hence 
the  violence  of  the  plasma  explosion  is  determined 
largely  be  the  circuit. 


X  Y 


Fig.  3.  —  If  a  current  flows  in  a  plasma,  the  plasma  phenomena 
dépend  partially  on  the  outer  circuit.  If  the  résistance  R  is  smailer 
than  the  négative  résistance  of  the  double  layer  X,  the  current 
becomes  unstable. 


The  influence  of  the  circuit  is  essential  not  only  in 
a  laboratory  experiment  but  also  in  spacc.  In  this 
case  the  total  volume  in  which  the  current  flows 
aflfects  the  behaviour  of  the  plasma  in  every  point. 
In  many  cases  it  is  convenient  to  introduce  the  boun- 
dary conditions  by  drawing  an  équivalent  circuit 
(see  1 .6). 

1 .4  Translation  from  magnetic  fields  into 
ELECTRIC  current  DESCRIPTION.  Hydromagnetic 
phenomena  can  be  described  either  by  using  a  magne- 
tic field  or  an  electric  current  picture.  The  translation 
is  given  by  eq.  (1). 

Especially  in  plasma  astrophysics  the  magnetic 
field  description  has  been  used  almost  exclusively 
and  the  current  has  not  been  given  explicitly.  This  is 
dangerous  because  there  are  a  number  of  current- 
dependent  phenomena  which  cannot  be  accounted 
for  and  in  several  cases  it  leads  to  serious  mistakes 
(see  Alfvén,  1977a).  Phenomena  which  cannot  be 
understdod  without  explicitly  accounting  for  the 
current  are  : 

A)  Energy  transfer  from  one  région  to  another. 

B)  Formation  of  double  layers  (already  mentioned 
under  /)). 

C)  The  occurrence  of  explosive  events  such  as 
solar  flares,  magnetic  substorms,  folding  umbrella 
phenomenon  in  comets,  and  stellar  flares. 

D)  Double  layer  violation  of  the  Ferraro  coro- 
tation.  Establishing  partial  corotation  is  essential  for 
the  understanding  of  some  features  of  the  solar 
System  (Alfvén  and  Arrhenius,  1976). 

E)  Formation  of  filaments  in  the  aurora,  the  solar 
atmosphère  and  nebulae  (already  mentioned  under  d)) 
perhaps  also  in  the  Cytherean  ionosphère  (see  Rus- 
sell,  Elphic  and  Slavin,  1979). 

F)  Production  of  hydromagnetic  waves  (at  least 
one  mechanism  which  may  be  the  most  important 
one). 

G)  Formation  of  current  sheets  which  may  give 
space  a  cellular  structure  and  hence  allow  the  exis- 
tence of  antimatter  in  the  universe  (Fâlthammar, 
Akasofu  and  Alfvén,  1978). 

1 . 5  Double  layers.  —  In  a  low  density  plasma 
localized  space  charge  régions  may  build  up  large 
potential  drops  over  distances  of  the  order  of  some 
tens  of  the  Debye  length.  Such  régions  have  been 
called  electric  double  layers  since  an  electric  double 
layer  is  the  simplest  space  charge  distribution  that 
gives  a  potential  drop  in  the  layer  and  a  vanishing 
electric  field  on  each  side  of  the  layer.  In  the  labora- 
tory double  layers  have  been  studied  for  half  a 
century,  but  their  importance  in  cosmical  plasmas 
has  not  been  gcncrally  recognized  until  recently. 

Récent  reviews  of  the  phenomenon  include  a 
gênerai  survey  (Block,  1978)  as  well  as  separate 
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reviews  of  experiments  (Torvén,  1978)  and  theory 
(Carlqvist,  1979).  Récent  experiments  (Coakley  et  al., 
1 97 9  ;  Torvén  and  Andersson,  1 979)  have  also  demons- 
trated  the  existence  of  double  layers  in  magnetized 
laboratory  plasmas.  Electric  field  measurements  in 
satellite  orbit  have  shown  the  existence  of  double 
layer  structures  above  the  auroral  zone  (Mozer  et  ai, 
1977;  Shawhan  et  ai,  1978). 

A  double  layer  can  be  formed  in  several  ways.  An 
important  case  is  that  a  double  layer  is  produced 
when  the  drift  velocity  of  électrons  exceed  the  thermal 
velocity. 

If  the  plasma  contains  a  double  layer,  a  strong 
interaction  with  the  external  circuit  (Fig.  3)  can  be 
produced,  because  the  layer  voltage  can  be  strongly 
fluctuating  (Torvén,  1978).  Exploding  double  layers 
were  first  discovered  in  mercury  rectifiers  used  in  d.c. 
high  power  transmission  circuits.  The  phenomenon 
is  likely  to  be  basic  for  the  understanding  of  solar 
flares,  magnetic  substorms  and  related  phenomena. 
Then  the  layer  voltage  is  mainly  given  by  -Ldl/dt, 
which  may  exceed  the  normal  double  layer  voltage  Vg 


by  several  orders  of  magnitude.  The  process  may 
continue  until  /  vanishes,  and  then  the  energy  |  LIq 
(/q  is  the  initial  current)  has  been  released  in  the 
double  layer,  mainly  in  the  form  of  kinetic  energy 
of  ions  and  électrons. 

Measurements  at  a  double  layer  in  a  magnetized 
laboratory  plasma  (Coakley  et  al.,  1979)  show  that 
the  equipotential  surfaces,  which  are  perpendicular 
to  the  magnetic  field  in  the  layer,  curve  at  the  plasma 
boundary,  where  they  become  parallel  to  the  magnetic 
field.  In  this  way  the  plasmas  on  each  side  of  the  layer 
become  surrounded  by  régions  with  a  strong  radial 
electhc  field,  perpendicular  to  the  magnetic  field. 
This  radial  field  is  directed  inward  on  the  low  poten- 
tial  side  of  the  layer  and  outward  on  the  high  potential 
side.  The  situation  resembles  the  situation  when  two 
cables  are  connected  by  a  double  layer. 

1.6  Field  aligned  currents  as  cables.  —  The 
discovery  that  the  aurora  often  is  produced  by  highly 
anis.otropic  and  almost  monochromatic  électrons  is 
a  strong  indication  of  the  existence  of  electrostatic 


Fig.  4.  —  (Left)  Electrostatic  potential  distribution  according  to  Gurnett  (1972).  The  magnetic  tield  is  vertical.  Ihe  curreni-carrying  flux 
tube  is  insulated  from  the  surrounding  plasma  by  a  thin  cylindrical  shell  of  rotating  plasma,  which  produces  a  voltage  drop  which  equals 
the  electrostatic  drop  in  the  layer.  (Right)  Observed  inverted  V  events  confirm  the  theory. 


PLASMA  IN  LABORATORY  AND  SPACE 


C7-7 


double  layers  in  the  lowcr  magnciosphcic.  Howcvcr 
the  électron  mirror  effect  is  a  conipctmg  mcehanisni 
for  Ihe  électron  accélération  (Block  and  i  allliammar, 
1976;  Falthammar,  1977,  1978a,  1978b).  il  is  also 
possible  —  as  suggested  by  Lcnnartsson  (1977) 
that  both  mechanisms  are  combincd,  the  mirror 
effect  being  the  primary  cause  which  gives  risc  to 
one  or  several  double  layers. 

A  double  layer  produces  pnmarily  equipotential 
surfaces  perpendicular  to  the  magnetic  field.  An 
important  problem  is  how  thèse  contmue.  The  inverted 
V  events  and  the  détection  of  very  strong  electric 
fields  perpendicular  to  B  indicate  a  possible  solu- 
tion (see  Fig.  4).  A  filamentary  or  sheet  current  in 
the  auroral  région  is  insulated  by  such  electric  fields 
from  the  surrounding  plasma  in  which  it  produces 
a  limited  perturbation.  There  is  a  similarity  with 
an  electric  cable  in  the  océan  which  carries  a  strong 
current  in  a  low  résistance  métal  wire.  This  is  insulated  , 
from  the  conducting  water  surrounding  it  by  a 
rubber  cylinder,  in  which  the  electric  field  is  similar 
to  the  radial  electric  field  surrounding  the  field 
aligned  current  in  the  magnetosphere. 

Laboratory  plasma  experiments  have  demonstrated 
a  similar  phenomenon  (Coakley  et  ai,  1979).  Often 
two  cables  are  produced,  one  on  each  side  of  a  double 
layer. 

If  we  combine  thèse  results  with  the  gênerai  ten- 
dency  of  field  aligned  currents  to  flow  in  filaments, 
we  may  conclude  that  electric  currents  in  plasmas 
have  a  tendency  to  flow  in  cables.  Thèse  are  insulated 
from  the  surrounding  plasma  by  sometimes  very 
strong  electric  field  in  the  same  way  as  in  underwater 
cables  the  electric  conductor  is  insulated  from  the 
surrounding  water.  Hence  a  plasma  cable  may 
transfer  power  over  large  distances  with  a  limited 
amount  of  perturbation  of  the  surrounding  plasma. 

In  the  same  way  as  two  high  power  transmission 
cables  connect  a  generator  and  a  consumer,  a  pair  of 
plasma  cables  may  connect  a  generator  and  a  consumer. 
The  generator  often  consists  of  a  plasma  moving 
with  a  velocity  component  perpendicular  to  the 
magnetic  field  B  and  hence  generating  an  e.m.f. 


where  the  intégral  is  taken  between  the  ends  of  the 
two  cables.  The  consumer  may  be  a  double  layer 
accelerating  charged  particles  which  later  produce 
lighl  or  synchrotron  radiation.  The  consumer  may 
also  be  a  motor  putting  plasma  in  motion  in  a  distant 
région.  As  an  example,  in  the  auroral  circuit  the 
generator  is  located  in  the  solar  wind  and  the  consu- 
mers  are  double  layers  accelerating  high  cnergy 
particles  which  later  illuminatc  the  night  sky  in  the 
auroral  zone,  or  a  motor  producing  the  sun-ward 
drift  in  the  magnetosphere.  (Sec  Fig.  5  and  cf.  Alfvén, 
1979a.) 


Fig.  5a.  —  Large-scale  Birkeland  current  sheets  shown  schema- 
tically  for  a  dipolar  geometry  with  alternative  closure  paths  for 
the  lower  latitude  sheet  currents. 


A  C  I 


Fig.  Sh.  —  Auroral  Circuit  I.  Currents  along  the  magnetic  field 
lines  B,  and  B^  close  through  the  upper  atmosphère  at  A  and 
through  the  magnetospheric  plasma  at  C.  The  e.m.f.  is  produced 
by  motion  at  A  and  C.  The  current  may  produce  one  or  more 
electrostatic  double  layers  D. 


The  tendency  of  electric  currents  to  flow  in  cables 
makes  the  circuit  approach  a  reasonable  first  approxi- 
mation to  many  plasma  problems. 

1 . 7  Différent  types  of  plasma  régions.  —  What 
has  been  said  above  might  be  summanzed  and  ela- 
borated  in  the  following  way  :  it  seems  that  at  least 
in  low  density  cosmic  plasmas  there  are  three  diffé- 
rent types  of  régions. 

1 . 8  «  Passive  »  plasma  régions.  —  Thèse  régions 
may  transmit  différent  kinds  of  plasma  waves  and 
flow  of  high  energy  particles.  There  may  be  transient 
currents  perpendicular  to  the  magnetic  field  changing 
the  State  of  motion  of  the  plasma  but  not  necessarily 
associated  with  strong  electric  fields  and  currents 
parallel  to  the  magnetic  field.  A  plasma  of  this  kind 
fills  most  of  space. 

If  in  an  initially  homogeneous  plasma  the  para- 
meters  in  one  région  are  changed  above  a  certain 
limit  the  plasma  often  reacts  by  setting  up  a  discon- 
tinous  interphase,  instead  of  a  continous  space 
variation  of  the  parameters  the  plasma  prefers  to 
produce  a  discontinuity  interphase  separating  two 
almost  homogeneous  régions.  This  may  sometimes 
be  the  origin  of  double  layers,  taking  up  voltage 
différences,  and  current  sheets,  separating  régions  of 
différent  magnetization,  température,  and  density. 
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1 . 9  «  Active  »  plasma  régions.  —  Résides  the 
passive  plasma  régions  there  are  also  small  but  very 
important  régions  where  filamentary  and  sheet  cur- 
rents  flow  (Alfvén,  1977a).  By  transferring  energy 
and  producing  sharp  borders  between  différent  régions 
of  passive  plasmas,  they  are  of  décisive  importance 
to  the  overall  behaviour  of  plasmas  in  space.  There 
are  two  différent  • —  but  somewhat  related  —  types 
of  such  régions  which  we  shall  call  plasma  cables 
and  boundary  current  sheets. 

1.9.1  Plasma  cables.  —  Plasma  cables  seem  to 
be  reasonably  stable  formations  which  could  be 
considered  as  entities  which  are  important  for  the 
understanding  of  plasma  phenomena.  (Of  course 
their  interior  structure  should  be  described  by  clas- 
sical  theory.)  The  plasma  cables  are  either  filaments 
or  flattened  filaments,  sheets  with  not  v£ry  large 
extension.  They  carry  an  electric  current  parallel  to 
the  magnetic  field,  and  this  is  the  primary  cause  of 
their  properties.  They  are  often  very  efficient  in 
transferring  electromagnetic  power  from  one  région 
to  another.  The  cables  are  embedded  in  passive 
plasmas,  which  have  essentially  the  same  properties 
in  ail  directions  around  them.  They  are  insulated 
from  the  surrounding  by  a  thin  cylindrical  electro- 
static  sheath  (or  double  layer)  which  reduces  the 
interaction  with  the  surrounding.  In  the  magneto- 
sphere  and  upper  ionosphère  the  density  in  the  cable 
is  sometimes  lower  than  in  the  surroundmg  (Block 
and  Fâlthammar,  1968).  In  other  cases  the  density 
in  the  cable  may  be  much  larger  than  in  the  sur- 
rounding, because  ionized  matter  is  pumped  into 
the  cable  from  the  surrounding  (Marklund,  1979). 
By  doing  so  selectively,  the  chemical  composition  in 
the  cable  may  differ  from  that  of  its  surrounding. 
Besides  the  cylindrical  electrostatic  sheath  there  are 
often  longitudinal  double  layers,  in  which  a  consi- 
dérable part  of  the  power  which  the  cable  transmits 
may  be  converted  into  high  energy  particle  energy. 
The  double  layers  sometimes  explode,  and  this 
produces  excessively  high  energy  particles  (Carlqvist, 
1978).  Then  the  current  in  the  cable  may  be  disrupted 
and  switched  into  another  circuit  (Bostrôm,  1974, 
1975).  Such  plasma  cables  have  been  discovered  (or 
are  likely  to  exist)  in  several  places  : 

(a)  The  amoral  current  system  consists  of  plasma 
cables,  sometimes  filaments  —  possibly  associated 
with  auroral  rays  —  and  more  frequently  sheets 
—  possibly  associated  with  auroral  arcs.  The  inverted 
V  events  are  likely  to  be  produced  by  cables  (Block, 
1978).  In  the  auroral  zone  such  cables  transfer  energy 
from  the  equatorial  plane  to  the  auroral  zone,  and 
double  layers  are  likely  to  be  the  direct  cause  of 
some  types  of  luminous  aurorae. 

{b)  Solar  prominences.  The  electromotive  force  is 
due  to  motions  in  the  photosphère  in  combination 
with  the  photospheric  magnetic  fields  (Fig.  6).  The 
prominences  are  often  filaments  but  sometimes  sheet- 


like  (quiescent  prominences).  Double  layers  are 
often  produced,  and  when  they  explode,  they  cause 
solar  flares.  Spicules  are  probably  small  scale  versions 
of  the  same  phenomenon. 


b 


Fig.  6.  —  Prominence  circuit  consisting  of  a  magnetic  field  tube 
abc  and  a  subphotospheric  connection  cda.  The 


e.m.f.  = 


is  produced  by  motions  with  velocity  v  in  the  présence  of  a  solar 
magnetic  field  B.  It  produces  a  current  in  the  solar  corona  which 
collects  matter  from  the  surrounding  (Marklund,  1978,  1979).  If 
the  current  density  exceeds  a  certain  limit  a  double  layer  b  is  formed. 
If  it  explodes  the  inductive  energy  j  Ll^  in  the  circuit  is  very  rapidly 
released  at  the  point  of  disruption.  Note  that  the  prominence 
circuit  is  a  simplified  version  of  the  well-known  auroral  circuit, 
which  makes  it  possible  to  construct  it  with  a  high  degree  of  cer- 
tain ty. 


(c)  Coronal  streamers  and  polar  plumes.  As  we 
expect  that  the  heliospheric  large  current  system 
should  connect  with  the  sun  in  the  polar  régions  and 
in  the  equatorial  région,  it  seems  likely  that  thèse 


MAGNETOTAIL  COMET 


Fig.  7.  —  Similanty  between  the  magnetosphere  and  a  cornet 
(Ip  and  Mendis,  1976).  Current  disruption  which  causes  répétitive 
substorms  ifi  the  magnetosphere  also  causes  the  folding  umbrella 
phenomenon  in  comets.  and  simultaneous  brightening  of  the  coma. 


PLASMA  IN  LABORATORY  AND  SPACE 


C7-9 


phenomena  are  basically  similar  to  the  solar  promi- 
tiences.  The  main  différence  is  that  the  prominences 
are  produced  in  a  photospheric  circuit,  whereas  the 
streamers  and  plumes  are  caused  by  the  large  helio- 
spheric  current  System. 

(d)  The  filamentary  structure  in  comeîary  tails 
(Mendis,  1978  ;  see  Fig.  7),  and  in  interstellar  nebulae 
may  be  caused  in  the  same  way.  Stellar  flores  are 
probably  due  to  the  same  mechanism  as  solar  flares. 
It  has  also  been  suggested  that  the  transfer  of  energy 
to  the  double  radio  sources  from  the  galaxy  which 
normally  is  located  half  the  way  between  them  is 
due  to  a  plasma  cable  of  this  type  (Alfvén,  1978a). 

Filaments  are  more  easily  seen  at  large  distances 
whereas  sheets  are  more  easily  detected  from  space- 
crafts. 

1.9.2  lonospheric  projection  of  active  and  passive 
plasma  régions.  —  The  drastic  différence  between 
active  and  passive  plasma  régions  is  visualized  by  a 
look  at  the  ionosphère.  The  auroral  zones  are  those 


Fig.  8.  —  The  auroral  zones.  If  a  terrella  is  placed  in  a  plasma, 
the  terrella  is  dark  in  the  régions  where  the  field  lines  connect 
with  passive  plasma  régions  (polar  caps  and  low  latitudes)  but 
luminous  in  the  régions  which  connect  with  active  plasma  régions 
(auroral  ovals).  The  figure  shows  a  modem  version  (Block,  1955) 
ol'  Birkcland's  cxpcrimcnl,  Spncc  photogr;iphs  ol  ihc  iii^ihi  sidc 
of  the  earth  are  similar  (allhough  usually  perturbed  locally). 


régions  of  the  ionosphère  which  connect  magnetically 
to  active  régions  in  the  magnetosphere.  The  rest  of 
the  ionosphère  connects  with  passive  plasma  régions, 
and  hence  receives  very  little  energy  from  above 
(Fig.  8). 

It  is  tempting  to  identify  the  différent  auroral 
patterns  with  the  différent  active  structures  in  the 
magnetosphere  :  auroral  rays  may  dérive  from  active 
filaments,  arcs  from  sheets,  draperies  from  perturbed 
sheets.  However  there  are  quite  a  few  rather  compli- 
cated  phenomena  in  the  transitional  région  between 
the  magnetosphere  and  the  ionosphère.  Further, 
there  are  horizontal  currents  in  the  upper  ionosphère, 
which  also  may  produce  luminous  effects.  Hence 
the  relation  between  the  structure  of  the  active  plasma 
in  the  magnetosphere  and  the  visually  observed 
aurora  is  very  complicated. 

1.9.3  Boundary  current  sheets.  —  In  striking 
contrast  to  the  current  layer  we  have  discussed 
above,  there  is  another  type  of  current  layers  which 
form  boundaries  between  two  régions  of  plasma 
which  have  drastically  différent  parameters.  The 
basic  différence  is  that  the  cables  we  have  discussed 
carry  such  small  currents  that  their  magnetic  field  is 
small  compared  to  the  exterior  field,  whereas  in  the 
boundary  current  sheets  the  current  is  large  enough 
to  change  the  surrounding  field  very  much.  In  the 
magnetosphere  there  are  three  such  layers  (see 
Alfvén,  1979a;  Heikkila,  1975;  Heikkila  and  Block, 
1977)  : 

The  magnetopause,  which  often  is  a  very  thin  current 
layer  (a  few  cyclotron  radii  thick)  and  séparâtes  two 
régions  with  opposite  magnetic  fields  (directed  north- 
ward  and  southward),  but  with  other  parameters 
(pressure,  density)  not  necessarily  very  différent 
(Fig.  9). 


Fig.  9.  —  Magnetic  field  reversai  in  the  magnetopause. 


In  many  cases  a  spacecraft  passing  the  région  of 
the  magnetopause  observes  more  than  one  magnetic 
discontinuity.  This  is  usually  interprcted  as  an  indi- 
cation that  the  magnetopause  moves  very  rapidly 
out  and  in.  The  data  can  probably  also  be  interpreted 
as  ■d  folding  of  the  magnetopause  current  layer.  Auroral 


C7-10 


H.  ALFVÉN 


draperies  are  often  observed  to  fold  so  that  they 
become  5-shaped.  This  process  may  continue,  resulting 
in  a  triple  layer.  Similarly  the  heliospheric  boundary 
layer  is  known  to  be  wavy.  By  analogy  it  is  quite 
reasonable  that  the  magnetospheric  current  layer  is 
folded  so  that  a  spacecraft  traverses  it  three  times. 
A  model  of  this  has  been  given  by  Smith  (1979). 
The  current  layer  may  be  very  thin  (a  few  cyclotron 
radii)  and  need  not  necessarily  move.  The  neutral 
sheet  in  the  tail  also  séparâtes  two  régions  with 
opposite  magnetic  field  (directed  towards  and  away 
from  the  Earth).  Other  parameters  are  usually  simi- 
lar.  It  is  believed  that  the  magnetic  field  often  has  a 
small  northward  magnetic  field  superimposed. 

Further  there  is  a  current  layer  in  the  front  of  the 
magnetopause  which  séparâtes  a  région  of  very 
weak  magnetic  field  in  the  solar  wind  from  a  much 
stronger  field  (three  times  or  more)  between  the 
front  current  and  the  magnetopause.  This  current 
layer  is  usually  referred  to  as  the  how  shock.  It  trans- 
forms  a  large  part  of  the  solar  wind  kinetic  energy 
into  electromagnetic  energy  (Alfvén,  1979). 

In  the  heliosphere  there  is  a  very  extended  current 
layer  in  the  equatorial  plane,  waving  up  and  down, 
which  séparâtes  an  inward  magnetic  field  from  an 
outward  directed  field  (Fig.  10)  (Alfvén,  1977a; 
Akasofu,  Lee  and  Gray,  1979). 

Current  layers  similar  to  those  in  the  magnetotail 
and  heliosphere  have  also  been  discovered  in  the 
Jovian  magnetosphere  and  in  other  magnetospheres, 
and  theoretically  inferred  in  the  tails  of  cornets. 

The  magnetotail  current  sheet  is  likely  to  produce 
explosive  double  layers  (Carlqvist,  1978  ;  Kan  et  al., 
1978)  causing  magnetic  substorms,  and  the  cometary 
current  sheet  probably  does  the  same,  causing  the 
folding  umbrella  phenomenon  (Mendis,  1978).  Whe- 
ther  other  current  sheets  have  the  same  property  is 
not  known. 

There  are  a  number  of  théories  of  each  of  thèse 
current  layers  but  unfortunately  a  gênerai  theory 
covering  ail  thèse  very  important  phenomena  seems 
still  to  be  lacking. 

The  discovery  of  thèse  layers  (the  first  one,  the 
plasmapause,  discovered  by  Cahill)  looks  to  many 
as  the  most  sensational  of  ail  space  research  disco- 
veries  (although  Dungey  (1961,  1964)  had  predicted 
them  to  some  extent).  No  one  had  guessed  that  such 
current  layers  had  such  a  remarkable  stability.  The 
existence  of  such  layers  change  our  views  of  the 
structure  of  space  plasmas  (Fàlthammar  et  al.,  1978). 
As  of  course  it  is  impossible  to  claim  that  such  layers 
exist  only  in  those  régions  where  spacecrafts  have 
made  in  situ  measurements,  we  must  drastically 
revise  our  views  of  the  structure  of  space.  The  exis- 
tence of  such  boundary  layers  are  likely  to  lead  to 
the  conclusion  that  space  everywhere  (interstellar 
space  and  intergalactic  space)  has  a  cellular  structure. 
We  shall  discuss  the  conséquences  of  this  later, 
especially  in  2.5.1. 


Fig.  10.  —  Heliospheric  Circuit.  The  Sun  acts  as  a  unipolar 
inductor  (A)  producing  a  current  which  goes  outwards  along  the 
axis  (B2)  and  inwards  in  the  equatorial  plane  C^,  C,  and  along 
the  magnetic  field  lines  B,.  The  current  closes  at  large  distances  (B3). 


1 .10  Fine  structure  of  active  plasma  régions. 
—  It  is  a  matter  of  controversy  how  thin  the  active 
plasma  régions  are.  The  auroral  zone  has  an  exten- 
sion of  a  few  degrees  (=  some  10'' cm).  However 
the  thickness  of  an  auroral  arc  or  ray  is  often  of  the 
order  10^  cm,  sometimes  perhaps  even  smaller.  Mea- 
surements of  the  thickness  of  magnetopause  current 
layers  are  often  interpreted  as  indicating  a  thickness 
of  a  few  orders  of  magnitude  more  than  the  ion 
cyclotron  radius.  However  there  are  also  many 
measurements  giving  thicknesses  of  only  a  few 
cyclotron  radii.  Hence  active  plasma  régions  may 
have  a  fine  structure  of  the  order  of  a  few  cyclotron 
radii  which  are  the  basic  éléments  which  détermine 
the  basic  properties  of  active  plasmas. 

Solar  prominences  are  supposed  to  be  10^  or  10''  cm 
in  diameter,  but  in  many  cases  a  filamentary  fine 
structure  is  observed  in  the  prominence,  indicating 
that  the  prominence  should  be  considered  as  a  rope 


PLASMA  IN  LABORATORY  AND  SPACE 


C7-11 


MAGNETOPAUSE 


Fig.  11.  —  Jovian  magnetosphere  (Smith,  1979). 


consisting  of  a  multitude  of  small  wires.  It  is  possible 
that  also  the  smallest  observed  filamentary  structure 
in  the  sun  (some  10^  cm)  consists  of  still  smaller 
filaments,  perhaps  going  down  to  10^  cm  structures 
like  those  observed  in  the  ionosphère. 

Hence  it  seems  doubtful  whether  a  deeper  under- 
standing  of  the  properties  of  a  plasma  is  possible 
before  we  are  able  to  study  its  fine  structure.  Hence 
the  study  of  active  plasma  régions  according  to  the 
principles  we  have  discussed  may  very  well  be  an 
important  step  forward  but  should  not  be  regarded 
as  the  final  step. 

An  important  discovery  of  small  scale  current 
ropes  (diameter  10^  cm)  was  made  recently  by  the 
Pioneer  Venus  Orbiter  (Russel,  Elphic,  Slavin,  1979). 
The  Cytherean  ionosphère  is  penetrated  by  a  large 
number  of  twisted  magnetic  filaments  of  the  same 
kind  as  recently  studied  theoretically  by  Marklund 
(1978).  They  difîer  from  the  auroral  rays  of  our  iono- 
sphère in  the  respect  that  they  are  magnetically 
contracted.  It  is  possible  that  the  observed  pheno- 
menon  is  the  long  sought-for  filamentary  structure 
which  should  be  the  basic  constituent  of  filamentary 
currents  in  prominences,  coronal  streamers  etc., 
perhaps  also  in  cometary  tails,  and  cosmic  plasmas 
in  gênerai. 

1.11  Discussion  :  Dusty  plasma,  ambiplasma. 
—  We  have  here  described  three  typical  régions  of 
plasma  :  passive  plasmas,  which  seem  to  be  the  most 
common  type  in  the  magnetospheres  of  the  planets 
and  the  sun,  cables  which  are  found  in  the  auroral 
zones,  and  boundary  current  sheets,  of  which  the 
magnetopause  is  the  best  studied  example.  However 
it  is  quite  likely  that  there  are  many  cases  which  are 
intermediate  between  thèse  three  types.  A  detailed 
analysis  is  nceded  before  it  is  possible  to  décide  this. 

Another  important  fact  is  that  cosmic  plasmas  very 
often  are  dusty.  1  nterstellar  clouds  are  typical  examples. 
It  is  likely  that  the  solar  System  was  formed  out  of 


such  a  cloud,  which  mcans  that  our  solar  System 
should  be  a  product  of  the  évolution  of  a  dusty 
plasma  (Alfvcn  and  Carlqvist,  1978).  Although  the 
largest  part  of  a  dusty  cloud  consists  of  a  dusty 
passive  plasma,  the  small  dusty  active  plasma  régions 
are  likely  to  be  of  décisive  importance  for  the  évolu- 
tion of  the  cloud  into  a  solar  system. 

As  the  dust  particles  usually  are  charged  —  espe- 
cially  in  the  active  plasma  régions —  the  motion  of 
small  dust  grains  (up  to  10"^  cm  or  in  certain  cases 
even  more)  may  be  dominât ed  by  magnetic  field,  so 
that  they  constitute  superheavy  plasma  particles.  In 
the  active  plasma  régions,  where  there  are  many  high 
energy  électrons,  the  grains  may  have  high  electro- 
static  potentials  (1  000  V  or  more)  so  that  they  are 
more  efficiently  trapped. 

As  it  seems  possible  that  the  universe  is  symmetric 
with  respect  to  matter  and  antimatter,  plasmas 
consisting  of  protons,  antiprotons,  électrons  and 
positrons  should  also  be  investigated.  The  study  of 
the  évolution  of  such  an  ambiplasma  is  important 
for  the  cosmological  discussion.  See  2.5.1. 

1.12  Chemical  differentiation  in  a  plasma.  — 
There  are  a  number  of  plasma  processes  producing 
Chemical  differentiation  (Arrhenius,  1976;  Alfvén 
and  Arrhenius,  1976).  One  important  mechanism  is 
the  following.  In  a  partially  iomzed  plasma,  the 
éléments  with  low  ionization  potentials,  which  in 
gênerai  are  the  heavy  éléments,  may  be  completely 
ionized,  whereas  the  éléments  with  high  ionization 
potentials,  such  as  H,  O,  and  especially  the  noble 
gases,  are  completely  non-ionized.  As  electroma- 
gnetic  forces  act  exclusively  on  the  former  group, 
a  Chemical  séparation  may  be  achieved. 

Chemical  séparation  in  cosmic  plasmas  have 
actually  been  observed  (Schoeler  et  al.,  1979).  It 
seems  likely  that  the  mentioned  process  is  responsible 
for  the  séparation,  but  there  seems  also  to  be  other 
separating  processes. 

Also,  the  dynamics  of  the  dust  in  the  plasma  differs 
from  the  gas  component,  which  means  that  the  laws 
of  motion  of  the  chemical  substances  condensed  as 
grain  differs  from  the  non-condensed  components. 

It  has  been  claimed  that  a  cosmic  plasma  necessa- 
rily  must  have  a  uniform  chemical  composition 
because  of  turbulence,  and  for  a  long  time  there  has 
been  a  gênerai  belief  that  cosmical  abundances  of 
chemical  éléments  could  be  defined  which  represent 
an  invariable  chemical  composition  of  cosmic  matter 
everywhere.  This  belief  is  now  decisively  contra- 
dicted  by  observations.  In  part  it  had  originated 
because  of  a  semantic  mistake.  When  large  non- 
thermal  Doppler  broadening  was  observed  this  was 
called  turbulence  and  it  was  thought  that  a  chemical 
mixing  must  takc  place.  In  rcality  the  Doppler  broad- 
ening can  often  be  attributed  to  the  passage  through 
the  plasma  of  non-mixing  waves.  As  another  example 
if  a  spacecraft  passes  a  région  with  filamentary 
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Structure,  it  wiU  register  rapidly  varying  density  and 
magnetic  field,  but  it  is  misleading  to  call  the  région 
turbulent  and  conclude  that  chemical  mixing  takes 
place.  Instead  —  as  we  have  seen  —  in  a  région 
with  filamentary  structure  chemical  differentiation 
may  take  place. 


2  Part  IL  Scaling  and  application.  —  2.1  Scal- 
ING  PROCEDURES.  —  As  it  is  likely  that  the  basic 
properties  of  a  plasma  are  the  same  in  the  laboratory, 
the  magnetospheres,  and  in  more  distant  astwphysical 
régions  a  transfer  of  knowledge  between  thèse  régions 
may  help  us  to  understand  plasma  phenomena. 

The  advance  of  thermonuclear  research  has  resulted 
in  a  better  knowledge  of  plasma  phenomena  in  the 
laboratory,  and  much  of  this  knowledge  can  be 
transferred  to  space  problems.  However  thermo- 
nuclear investigations  are  increasingly  focussed  on 
those  problems  which  are  believed  to  be  of  technical 
interest,  and  they  are  not  necessarily  those  which 
are  most  interesting  in  cosmical  physics.  Hence  for 
the  contact  between  the  différent  fields  of  plasma 
physics,  it  is  essential  to  make  laboratory  experiments 
especially  designed  for  simulation  of  cosmic  problems. 
A  survey  of  such  experiments  has  been  given  by 
Fâlthammar  (1974),  and  by  Block  (1976).  Further 
it  is  now  possible  to  make  active  experiments  out  in 
space.  As  Fâlthammar  summarizes  it,  this  means 
that  the  era  of  active  experiments  in  the  magneto- 
sphere  may  bring  a  new  importance  to  space-related 
laboratory  experiments.  This  is  a  conséquence  of 
the  shift  of  emphasis  from  exploratory  measurements 
in  the  early  space  âge  to  an  increasingly  sophisticated 
physics-oriented  effort.  In  such  an  effort,  certain  types 
of  laboratory  experiments  can  enhance  the  fruit- 
fulness  of  the  experiments  in  space  by  improving  the 
understanding  of  basic  plasma  physical  processes  of 
importance  in  the  space  environment. 

Laboratory  experiments  for  studying  space  pheno- 
mena have  traditionally  been  of  a  type  which  we 
may  refer  to  as  configuration  sinndation.  i.e..  they 
have  aimed  at  simulating,  if  only  in  some  limited 
sensé,  the  actual  configuration  of  a  system  (e.g.,  the 
whole  magnetosphere)  as  well  as  some  of  the  phy- 
sical processes  taking  place  within  it.  The  basic 
difficulty  in  configuration  simulation  stems  from  the 
large  scaling  ratio.  It  puts  very  severe  limits  on  the 
possibilities  of  scaling  in  a  strict  sensé  and  neccessi- 
tates  compromises  which  lead  to  what  may  be  called 
qualitative  scaling.  In  spite  of  thèse  constraints, 
interesting  results  have  been  achieved  in  a  number 
of  cases  using  model  experiments  of  the  terrella  type. 
The  magnetic  neutral  sheet  in  the  nightside  magneto- 
sphere is  such  a  system,  for  which  interesting  simu- 
lation experiments  have  been  performed. 

Another  type  of  experiments,  which  should  be 
considered,  may  be  referred  to  as  process  simulation. 
The  knowledge  gained  from  direct  observations  in 


space  has  shown  that  the  real  magnetospheric  plasma 
behaves  in  a  considerably  more  complicated  way 
than  the  simple  models  of  it  that  have  been  extensively 
used.  This  necessitated  a  new  approach,  where  the 
actual  behaviour  of  real  plasmas  had  to  be  deter- 
mined  experimentally  and  accounted  for,  even  where 
not  well  understood  theoretically.  In  the  case  of  the 
magnetosphere,  it  is  more  difficult,  and  in  some  cases 
impossible,  to  make  a  corresponding  consolidation 
of  the  expérimental  basis.  Usually,  measurements 
can  be  made  only  at  a  single  point  at  a  time,  and  in 
an  orbit-governed  time-space  séquence,  which  is 
often  far  from  optimum.  Even  within  thèse  limits, 
the  c'bsts  of  space  missions  imposes  further  serious 
constraints.  The  advent  of  active  experiments  in 
space  is  one  important  step  towards  a  better  under- 
standing of  the  real  space  plasma.  However,  the 
fruitfulness  of  this  activity  should  be  greatly  enhanced 
if  combined  with  suitably  designed  laboratory  expe- 
riments. Such  experiments  need  not  necessarily  simu- 
late  the  actual  configuration  of  a  phenomenon  in 
space,  but  they  should  adequately  simulate  the 
plasma  physical  process  in  question  (e.g.  collision- 
less  resistivity).  We  may  refer  to  simulation  of  this 
kind  as  process  simulation.  In  many  cases  this  involves 
simulating  only  the  local  behaviour  of  a  plasma, 
and  then  the  problem  of  huge  scaling  factors  disap- 
pears. 

The  relevance  of  laboratory  plasma  experiments  is 
not  limited  to  simulation.  In  the  past,  essential 
concepts  such  as  Birkeland  currents,  electric  fields 
along  magnetic  field  lines,  electrostatic  particle  accé- 
lération, and  the  rôle  of  current  filamentation  and 
non-homogeneity  in  gênerai  were  conceived  as  a 
resuit  of  close  contacts  with  laboratory  plasma  expé- 
rience in  gênerai.  In  the  future,  too,  it  can  be  expected 
that  progress  in  space  plasma  physics  can  benefit 
from  laboratory  plasma  experiments  in  a  much 
broader  sensé  than  that  of  simulation  (Fâlthammar, 
1974). 

Experiments  have  been  made  by  Podgorny  and 
Sagdeev  (1970),  Podgorny  (1976)  and  by  Danielsson 
and  Lindberg  (1964,  1965). 

Theoretical  laws  for  scaling  are  well-known  since 
long  ago  (summarized  e.g.  in  Alfvén  and  Fâltham- 
mar, 1963).  A  récent  detailed  survey  is  given  by 
Siscoe  (1979).  However  it  should  be  remembered  that 
scaling  laws  dépend  on  a  theoretical  fornalism  which 
probably  is  applicable  to  passive  plasmas,  but  it 
has  not  yet  been  clarified  how  a  scaling  between 
active  plasma  régions  should  be  made. 

Prédictions  of  what  could  be  expected  at  the  first 
space  mission  to  a  planet  have  so  far  not  been  very 
successful. 

(Tradutore-traditore  !  )  The  prédictions  are  of  course 
based  on  generally  accepted  théories,  and  almost 
every  new  space  mission  has  demonstrated  that  our 
understanding  of  space  plasmas  is  still  not  very  good. 
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2.2  CiJRRKNT  MODELS.  —  As  poitiled  eut  in  1.4 
a  systematic  translation  trom  the  usual  magnctic 
ficld  models  to  electric  current  modcls  should  be 
made.  We  shall  here  discuss  a  few  attempts  to  such 
translation,  which  demonstrate  what  new  aspects 
can  be  obtained  from  current  modcls. 

2.2.1  Amoral  circuit.  —  Zmuda  and  Armstrong 
(1974)  made  magnetic  field  observations  in  the  auroral 
région,  and  derived  the  electric  current  system  from 
thèse,  which  was  also  discussed  by  Rostoker  and 
Bostrom  (1976).  A  simplified  model  is  shown  in 
figure  5.  The  electromotive  force  is  produced  by  the 
sunward  convection  in  the  equatorial  plane.  A 
current  flows  in  the  circuit  C,  B,  A,  A2  and 
transfers  power  to  a  double  layer  D,  which  accélérâtes 
charged  particles.  The  circuit  describes  the  conversion 
of  (1)  kinetic  energy  (of  the  convection)  into  (2) 
electromagnetic  energy  (of  the  circuit),  further  into  (3) 
electrostatic  energy  (in  the  double  layer)  and  into  (4) 
kinetic  energy  of  beams  of  particles,  and  finally 
into  (5)  light  and  ionisation  (in  the  auroral  iono- 
sphère). (See  Alfvén,  1977a.) 


2.2.2  Heliosphcric  circuit.-  The  magnetic  data 
from  space  measurements  m  the  solar  wind  can  be 
uscd  for  construction  of  the  heliographic  circuit 
(Alfvén,  1977a).  The  resuit  is  shown  in  figure  10. 
The  translation  alonc  leads  to  the  foUowmg  conclu- 
sions : 

{a)  Thcre  must  be  essentially  radial  currents  of 
1.5  X  10''  A  in  each  of  the  polar  régions  of  the  sun. 

{h)  The  currents  must  close  through  the  sun, 
which  acts  as  an  unipolar  generator  which  excites 
the  circuit. 

{c)  Coronal  streamers  and  polar  plumes  are  likely 
to  be  filaments  produced  by  the  current  system. 

A  more  detailed  analysis  of  the  circuit,  including 
a  computor  model  of  heliospheric  currents  and 
magnetic  fields  has  been  donc  by  Akasofu,  Lee  and 
Gray  (1979). 

2.2.3  Magnetospheric  c/>a//7.  —  Because  of  the 
complicated  geometry  of  the  magnetosphere,  a  direct 
construction  of  a  current  model  of  the  magnetosphere 
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is  difficult.  An  attempt  has  been  made  to  reach  such 
a  model  by  successive  approximations  (Alfvén  and 
Fàlthammar,  1971  ;  Alfvén,  1979).  Figure  12a  shows 
the  first  approximation  in  which  the  magnetic  field 
is  supposed  to  be  a  dipole  field  superimposed  by  a 
southward  interplanetary  field.  The  solar  wind  pro- 
duces an  e.m.f.  which  gives  rise  to  the  current  system 
of  figure  12a.  If  the  magnetic  field  from  this  is  added 
to  the  original  field  we  obtain  a  second  approxima- 
tion (Fig.  I2b).  The  model  describes  the  structure  of 
the  magnetopause,  the  tail  current  sheet,  and  the 
gênerai  shape  of  rhe  magnetic  field  lines. 

Especially  important  is  that  the  energy  transfer 
from  the  solar  wind  to  the  magnetopause  turns  out 
to  be  a  straight-forward  and  simple  process.  Further, 
the  auroral  circuit  of  2.2.1  is  part  of  the  circuit, 
and  so  is  Bostrôm's  model  of  magnetic  substorms 
which  can  be  explained  by  an  exploding  double 
layer  formed  in  the  tail  current  sheet.  {Magnetic 
merging  théories  of  magnetic  substorms  are  likely 
to  be  erroneous  because  of  neglect  of  the  boundary 
conditions,  see  1.3  and  Heikkila,  1978a,  b  and  Heik- 
kila  and  Block,  1977.) 

2.2.4  Current  Systems  of  Jupiter,  cornets  and  other 
magnetospheres.  —  The  conditions  in  the  Jovian 
magnetosphere  are  not  yet  very  well  clarified.  Preli- 
minary  results  from  Pioneer  10  and  11  indicate  that 
the  Jovian  magnetosphere  in  some  respects  is  more 
similar  to  the  heliosphere  than  the  terrestrial  magneto- 
sphere. The  magnetic  field  close  to  Jupiter  is  a  dipole 
field,  but  further  out  there  is  a  strong  current  in  the 
equatorial  plane  which  to  some  extent  is  similar  to 
the  heliospheric  current  in  the  equatorial  plane 
(Smith,  1979,  see  Fig.  11).  However,  the  strong  asym- 
metry  of  the  Jovian  field  and  the  présence  of  lo  makes 
the  conditions  highly  asymmetric  (Dessler,  1979). 

A  possible  current  system  in  cometary  tails  has 
been  constructed  by  Mendis  (1978),  but  unfortunately 
in  situ  measurements  of  cometary  plasmas  are  still 
lacking. 

Space  measurements  from  some  other  magneto- 
spheres may  allow  the  construction  of  current  Systems 
(see  i.e.  Dolginov,  1978). 

2.2.5  Solar  prominence  circuit.  —  As  the  sun  is 
still  outside  the  reach  of  spacecrafts,  a  detailed  diag- 
nostics of  solar  plasmas  is  impossible,  and  théories 
of  solar  phenomena  will  necessarily  remain  spécula- 
tive. However  we  have  enough  solar  observations  to 
be  able  to  extrapolate  our  knowledge  of  carefully 
investigated  space  plasmas  with  a  rather  good  confi- 
dence (Alfvén,  1977a). 

Hence  we  conclude  that  a  solar  prominence  is  due 
to  a  current  in  a  circuit  similar  to  the  auroral  circuit 
but  simpler  :  it  consists  of  a  magnetic  flux  tube  inter- 
secting  the  solar  surface  in  two  points,  and  a  photo- 
spheric  or  subphoto-spheric  connection  between  thèse 
points.  The  electromotive  force  is  produced,  by 
motions  in  the  photosphère  in  the  présence  of  magnetic 


fields.  The  size  of  a  prominence  circuit  is  comparable 
to  that  of  the  auroral  circuit,  but  the  currents  are 
much  larger  (  ~  1 0  '  ^  A)  because  of  the  higher  conduc- 
tivity  (the  high  resistivity  in  the  upper  ionosphère  is 
replaced  by  a  low  resistivity  due  to  the  high  tempéra- 
ture). 

Like  in  the  auroral  circuit  a  double  layer  may  be 
produced.  The  auroral  double  layer  is  often  rapidly 
fluctuating,  giving  rise  to  the  rapid  variability  of 
auroral  phenomena.  The  prominence  double  layer 
is  still  more  variable  ;  indeed  it  can  explode,  producing 
solar  flares.  A  quantitatively  consistent  theory  of 
solar  flares  as  due  to  such  a  current  disruption  has 
been  worked  out  by  Carlqvist  (1969). 

Much  work  has  been  spent  on  attempts  to  explain 
solar  flares  by  a  magnetic  field  formalism.  (A  survey 
is  given  by  Heyvaerts  in  his  lecture  at  this  confé- 
rence.) For  reasons  given  in  the  introduction  and 
in  1.4  (cf.  Fig.  2)  this  is  inadéquate.  More  specifi- 
cally,  in  the  magnetic  merging  théories  of  solar  flares 
thç  boundary  conditions  are  not  correctly  introduced 
and  hence  thèse  théories  cannot  explain  the  rapid 
concentration  of  the  inductive  energy  of  the  whole 
circuit  to  the  point  of  disruption. 

2.2.6  Possible  scaling  to  galactic  dimensions.  — 
An  attempt  has  been  made  to  scale  up  the  heliospheric 
current  System  to  galactic  dimensions  (see  2.5.4). 

2.3  ROTATING  MAGNETIZED  BODY  SURROUNDED  BY 

A  PLASMA.  —  A  basic  problem  in  astrophysics  is  the 
interaction  between  a  rotating  magnetized  body  and 
a  surrounding  plasma.  (The  body  has  of  course  a 
gravitational  field.)  The  simplest  case  is  when  the 
magnetization  is  homogeneous  and  parallel  (or  anti- 
parallel)  to  the  rotational  axis. 

In  the  idealized  case  when  only  hydromagnetic 
effects  are  active,  the  plasma  will  attain  a  Ferraro 
corotation.  However,  this  is  unrealistic  for  a  number 
of  reasons.  There  is  always  an  outer  hmit  to  the 
corotation  because  of  the  hmitations  of  the  sur- 
rounding plasma.  In  the  case  of  the  Earth  the  syn- 
chronous  radius  is  comparable  with  the  limits  of  the 
magnetosphere,  outside  which  we  cannot  expect 
corotation.  Even  doser  to  the  dipole  there  is  a  gênerai 
sunward  plasma  drift,  showing  that  the  corotation 
is  restricted  to  the  plasmasphere.  Further  out  the 
difi"erence  in  angular  velocity  necessarily  produces 
an  e.m.f.  (which  tends  to  establish  corotation)  but 
this  is  taken  up  by  electrostatic  doubie  layers.  Hence 
the  double  layers  produce  a  decoupling  which  allows 
a  violation  of  the  Ferraro  theorem. 

In  the  solar  magnetosphere  {—  heliosphere  or 
interplanetary  space)  the  solar  wind  prevents  the 
establishment  of  a  corotation.  Instead  a  thin  current 
sheet  in  the  equatorial  plane  is  generated.  The  helio- 
spheric current  system  has  been  discussed  in  2.2.2. 
The  knowledge  we  can  gain  from  studying  the  transfer 
of  angular  momentum  to  a  surrounding  plasma 
should  serve  as  a  basis  for  the  approach  to  the  cos- 
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mogonic  prohiem  how  the  siin  transterred  angular 
momcntum  to  the  planets  when  they  were  formea  and 
how  the  planets  did  the  same  to  their  sateUite  Systems. 
The  main  différence  from  the  présent  state  is  that  the 
plasma  density  in  the  surrounding  is  likely  to  be 
much  larger.  The  currents  which  would  be  required 
to  estabUsh  a  Ferraro  corotation  are  so  large  that 
they  are  likely  to  produce  double  layers  which  découplé 
the  surrounding  plasma  to  a  certain  degree.  The 
State  which  we  should  expect  (partial  corotation  of 
free-wheeling  plasma)  is  given  by  an  equilibrium 
between  the  gravitation  and  centrifugal  force  which 
because  of  the  geometry  of  the  magnetic  field  should 
give  the  plasma  an  angular  velocity  of  (2/3)"^  of  the 
Kepler  velocity  (see  Alfvén  and  Arrhenius,  1976). 

Similar  phenomena  may  be  décisive  for  the  évo- 
lution of  galaxies.  The  angular  momentum  of  the 
interstellar  médium  may  be  transferred  to  the  inter- 
galactic  médium,  and  its  kinetic  energy  transmitted 
in  plasma  cables  to  the  surrounding  (Alfvén,  1978a). 
See  2.5.4. 
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Fig.  13.  —  Partial  corotation. 


2.4  Application  to  cosmogony.  —  Plasma  phe- 
nomena were  of  décisive  importance  at  the  origin  of 
the  solar  System  and  at  the  early  phases  of  its  évolution. 
The  présent  chemical  and  dynamical  structure  of  the 
planetary  and  satellite  Systems  is  to  a  large  extent  a 
product  of  such  plasma  processes. 

There  are  good  reasons  for  believing  that  the  solar 
System  originated  from  a  primeval  solar  nebula 
which  may  have  had  a  very  low  but  certainly  not 
negligible  degree  of  ioni/.alion.  il  is  likely  to  have 
had  a  structure  which  is  normal  to  what  ail  cosmic 
plasmas  seem  to  have  according  to  Part  1  ;  most  of 
its  volume  was  filled  by  a  passive  plasma  which  pro- 
bably  was  very  cool  (perhaps  50  K)  and  very  dusty. 
This  was  interlaced  by  a  network  of  active  plasma 
régions  :  current  carrying  filaments  and  sheets, 
which  were  energized  ultimately  from  the  gravita- 
tional  energy  released  when  the  nebula  contracted. 
Their  aclivity  was  of  décisive  importance  to  the 
dynamical  and  chemical  évolution  of  the  cloud. 

There  seems  to  have  been  three  plasma  processes 
which  have  been  essential  for  the  présent  structure 
of  the  solar  system. 


2.4.1  Chemical  diffcrcntiation  al  the  early  phases. 
This  has  been  discussed  in  1.12. 

2.4.2  Critical  velocity.  -—  A  very  pronounced  fea- 
ture  of  the  solar  system  is  its  hand  structure  (Fig.  14). 
For  a  number  of  reasons  it  seemed  likely  that  this 
was  produced  when  clouds  with  différent  chemical 
composition  fell  in  towards  a  central  body  (sun  or 
planet)  and  were  stopped  when  they  reached  a  certain 
critical  velocity  given  by 


({/.^^  =  ionization  potential,  m  =  atomic  mass). 

MASS  OF  CENTRAL  BODY 
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Fig.  14.  —  Band  structure  of  Solar  System. 

This  theoretical  conjecture  lackcd  empirical  sup- 
port, but  as  soon  as  the  thermonuclear  plasma  tech- 
nique became  available,  experiments  were  started  in 
order  to  investigatc  the  theoretically  predicted  phe- 
nomenon.  The  experiments  confirmed  the  theoretical 
prédictions  and  led  to  the  discovery  of  a  sharp  —  ac- 
tually  unexpectedly  sharp  -  Umit,  given  by  eq.  (2), 
for  the  relative  velocity  between  a  neutral  gas  and  a 
magnetized  plasma. 

The  critical  velocity  has  now  been  subject  to  exten- 
sive  expérimental  and  theoretical  investigations  for 


C7-I6 


H.  ALFVÉN 


20  years  (Danielsson,  1973  ;  Sherman,  1973  ;  Himmel 
et  al,  1973,  1976,  1977;  Danielsson  and  Brenning, 
1975;  Axnâs,  1978;  Raadu,  1978;  Piel  et  ai,  1978; 
Petelski,  1978).  It  is  an  example  of  a  plasma  pheno- 
menon  which  was  predicted  on  the  basis  of  a  cosmo- 
gonie theory  which  initially  was  considered  to  be 
rather  spéculative. 

There  is  not  yet  any  unquestionable  expérimental 
démonstration  of  the  critical  velocity  under  présent 
cosmical  conditions  but  there  are  some  indications 
that  it  has  been  observed  (Srnka,  1977).  Experi- 
ments  to  demonstrate  the  critical  velocity  under 
cosmical  conditions  have  been  suggested  by  Môbius, 
Boswell,  Piel  and  Henry  (1979). 

2.4.3  Transfer  of  angular  momentum  and  partial 
rotation.  —  This  is  the  third  plasma  phenomenon 
which  probably  was  of  décisive  importance  for  giving 
our  solar  system  its  présent  structure.  See  2.3. 

2.5  COSMOLOGICAL  APPLICATIONS.  —  2.5.1  Cellu- 

lar  structure  of  space  and  the  existence  of  antimatter. 
—  A  basic  cosmological  problem  is  whether  the 
Universe  is  symmetric  with  regard  to  matter-anti- 
matter.  As  long  as  the  interstellar  (and  intergalactic) 
médium  was  considered  to  be  homogeneous,  it  was 
rather  difficult  to  accept  the  existence  of  antimatter, 
because  matter  and  antimatter  could  not  be  mixed 
but  must  occupy  différent  régions.  Theoretically  this 
is  possible  if  there  are  Leidenfrost  layers  separating 
régions  of  antimatter  from  régions  of  koinomatter 
(=  ordinary  matter).  A  model  of  such  layers  was 
worked  out  (Lehnert,  1977,  1978).  However,  it  was 
not  obvions  whether  such  a  layer  was  stable. 

The  discovery  of  the  cellular  structure  of  space 
plasmas  has  drastically  changed  the  situation.  We 
know  now  that  in  the  magnetospheres  there  are 
stable  current  sheets,  separating  plasma  régions 
with  différent  magnetization,  température,  density, 
etc.  It  is  easy  to  imagine  that  in  principle  similar 
sheets  might  separate  régions  of  différent  kinds  of 
matter  as  shown  by  Lehnert  (1976,  1977). 

A  Leidenfrost  sheet  must  be  surrounded  on  both 
the  koino-  and  antimatter  side  by  fully  ionized  layers, 
but  thèse  are  not  necessarily  more  than  about  one 
mean  free  path  thick.  At  that  distance  there  could 
very  well  be  a  sudden  transition  to  a  plasma  with 
very  low  ionization.  Such  abrupt  transitions  are  often 
observed  in  plasma  experiments  and  are  well  under- 
stood  theoretically  (Lehnert,  1976). 

Hence  a  région  of  passive  koinoplasma  and  a 
région  of  passive  antiplasma  could  coexist  close  to 
each  other  and  a  cosmically  very  thin  and  unnoti- 
ceable  layer  of  active  plasma  will  separate  them. 

2.5.2  Properties  of  an  ambiplasma.  —  The  pos- 
sible existence  of  antimatter  makes  the  theoretical 
study  of  an  ambiplasma  (consisting  of  a  mixture  of 
koinomatter  and  antimatter)  a  challenging  problem. 
The  plasma  should  consist  not  only  of  protons  and 


antiprotons  but  also  of  high  energy  (10^  eV)  électrons 
and  positrons. 

A  thorough  analysis  of  the  properties  of  an  ambi- 
plasma (séparation  of  matter  and  antimatter,  pro- 
duction of  Leidenfrost-layers,  energy  release  and 
radiation,  etc.)  is  essential  for  a  deeper  understanding 
of  a  symmetric  Universe. 

2.5.3  Theory  of  QSOs.  —  The  enormous  energy 
release  in  QSOs  is  one  of  the  headaches  in  modem 
astrophysics  and  a  serions  difficulty  to  the  Big-Bang 
hypothesis.  As  the  energy  release  is  much  larger  than 
what  can  reasonably  be  supplied  by  nuclear  reactions, 
there  are  only  two  energy  sources  left,  viz.  gravitation 
{black  holes)  and  annihilation.  For  a  number  of 
reasons  the  latter  alternative  seems  to  be  préférable 
(Alfvén,  1979a,  b). 

2.5.4  Double  radio  sources.  —  As  one  more 
example  of  the  transfer  pf  knowledge  to  astrophysics 
from  magnetospheric  and  laboratory  investigations 
we  should  mention  the  problem  of  double  radio 
sources.  The  strong  synchrotron  émission  from  the 
pair  may  either  originate  from  a  hidden  energy 
source  in  each  of  the  sources  —  but  no  such  source 
has  been  found  —  or  dérive  from  the  galaxy  often 
located  exactly  half  way  between  the  sources  —  which 
is  more  reasonable.  However,  the  mechanism  of 
transfer  of  energy  has  been  a  riddle.  Théories  about 
éjection  of  clouds  have  met  a  number  of  serions 
difficulties. 

It  seems  that  transfer  of  energy  by  electric  currents 
of  the  type  we  are  familiar  with  in  the  auroral  région 
may  give  a  solution  of  this  problem.  This  means 
that  the  circuit  transferring  energy  from  a  generator 
to  a  double  layer  in  the  laboratory,  when  scaled  up 
by  a  linear  factor  of  10^  explains  the  transfer  of 
energy  to  the  auroral  double  layers,  and  when  scaled 
up  again  by  a  similar  very  large  factor  may  account 
for  the  energy  transfer  to  double  radio  sources 
(Alfvén,  1978a)  (Fig.  15). 

2 . 6  Transfer  of  knowledge  from  magnetosphe- 
ric PLASMAS  TO  laboratory  PLASMAS.  —  Ther- 
monuclear  research  dérives  its  origin  from  a  transfer 
of  knowledge  —  or  at  least  inspiration  —  from 
cosmical  physics.  Names  like  stellarator  and  astron 
testify  this.  Laboratory  physics  has  generously  paid 
back  this  debt  by  introducing  new  concepts  like 
double  layers,  current  disruption  and  critical  velocity 
into  cosmical  physics.  Also  the  cunent  description 
and  the  use  of  circuit  diagrams  for  representing 
cosmical  phenomena  of  course  originate  from  the 
laboratory.  The  rapid  development  of  very  sophisti- 
cated  diagnostics  in  magnetospheric  research  may 
lead  us  to  expect  that  a  transfer  of  knowledge  from 
cosmical  physics  to  laboratory  physics  may  be  fruit- 
ful. 

Of  spécial  interest  is  that  the  stability  problem 
which  is  a  major  obstacle  in  thermonuclear  research, 
seems  not  to  be  so  serions  in  cosmical  physics.  Compli- 
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Fig.  15.  —  Galactic  circuit  exirapolated  lYom  heliospheric  circuit. 
Radioastronomie  observations  by  Current  10"  A  and  double 
layer  voltage  10'^  V. 


cated  plasma  configurations,  like  solar  prominences, 
coronal  streamers,  and  the  magnetopause  seem  to 
be  so  long-lived  that  one  would  guess  that  they 
represent  stable,  or  at  least  semi-stable,  configurations. 


This  may  inspire  thermonuclear  research  to  consider 
new  approaches  to  the  thermonuclear  problem. 
Further,  there  are  a  number  of  plasma  phenomena 
which  are  nowadays  more  easily  studied  in  space 
than  in  the  laboratory.  For  example,  transients  with 
the  électron  gyro  frequency  in  a  cosmic  plasma  of 
10"*  G  have  a  time  constant  of  10"^  s,  which  is 
easily  measureable  —  whereas  in  a  thermonuclear 
plasma  of  10*  G  it  is  10"  '°  s,  far  below  what  can  be 
measured  in  a  comfortable  way. 

So  this  shows  again  how  important  it  is  to  integrate 
the  différent  domains  of  plasma  physics. 
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[onic  reactions  in  the  laboratory  and  in  planetary  atmosphères 
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Abstract.  —  A  detailed  understanding  of  the  ionosphères  of  the  Earth  and  planets  requires  knowledge  of  the  rates 
of  many  ionic  reactions  as  weli  as  of  électron  recombination  coefficients  and  photoionization  cross  sections.  Thèse 
must  be  obtained  primarily  by  laboratory  measurements  but  it  is  often  difficult  to  provide  data  applicable  under 
the  atmospheric  conditions,  especially  of  translational  and  vibrational  température.  An  account  is  given  of  the 
présent  situation  for  the  main  terrestrial  ionosphère  taking  account  of  the  availability  of  extensive  data  from  the 
Atmospheric  Explorer  satellites,  for  the  ionosphères  of  Venus  and  Mars  in  the  light  of  récent  data  obtained  with 
planetary  probes  and  for  the  lower  ionosphère  of  the  Earth  taking  account  of  rocket  data. 


Introduction.  —  Very  soon  after  the  discovery  of 
the  earth's  ionosphère  it  was  realized  that  a  know- 
ledge of  the  rates  of  certain  atomic  collision  processes 
would  be  required  in  order  to  understand  the  beha- 
viour  of  this  région.  It  was  early  realized  that  at  least 
a  large  fraction  of  the  free  électrons  which  were 
responsible  for  reflecting  radiowaves  back  to  earth 
were  produced  through  photoionization  by  ultra- 
violet, and  possibly  even  shorter,  electromagnetic 
radiation  from  the  Sun.  To  détermine  the  électron 
concentration  at  any  time  and  place,  it  was  necessary 
to  know  also  what  processes  are  responsible  for  loss 
of  free  électrons.  The  choice  seemed  to  be  between 
recombination  to  positive  ions  or  attachment  to 
neutral  molécules  —  massive  négative  ions  would 
have  little  effect  on  the  transmission  of  radio  waves. 
As  at  the  time,  in  the  early  1930's,  little  or  nothing 
was  known  about  the  rates  of  thèse  processes,  the 
matter  was  fiercely  debated.  However,  it  was  shown 
in  1942  [Massey  and  Bâtes,  1942]  that  photodetach- 
ment  by  sunlight  is  so  rapid  that,  in  the  main  iono- 
sphère, négative  ions  must  be  of  negligible  importance 
during  the  day.  The  search  for  a  sufficiently  fast 
recombination  process  took  some  time  until  Bâtes 
and  Massey  in  1947  produced  arguments  to  show  that 
it  must  be  dissociative  recombination.  At  that  time 
there  was  little  theoretical  and  no  expérimental  évi- 
dence about  this  process  but  it  is  now  very  well  esta- 
blished  as  we  shall  see.  Since  recombination  is  only 
effective  with  positive  molecular  ions  it  follows  that 
much  dépends  on  the  rates  of  ionic  reactions  which 
take  place  after  the  initial  process  of  photoionization. 
The  importance  of  reliable  information  about  thèse 
rates  for  an  understanding  of  the  behaviour  of  the 
terrestrial  ionosphère  is  clear.  This  is  true  not  only 
for  the  main  ionosphère  but  also  a  fortiori  for  the 
lower  fringe,  the  D  région  and  below,  which  extends 
down  to  quite  low  altitudes.  Here  the  pressure  is  so 
high  that  many  more  reaction  possibilities  arise 
involving  négative  as  well  as  positive  ions. 

Similar  considérations  apply  to  the  ionosphères  of 
Mars  and  Venus  which  are  already  being  investigated 
from  planetary  probes.  In  the  near  future  there  will 
be  a  demand  for  information  about  reaction  rates 


involving  more  exotic  molecular  neutral  and  lonized 
Systems  in  order  to  interpret  data  about  the  Jovian 
ionosphère.  Before  much  longer  this  will  extend  to 
still  other  cases  including  Saturn,  certain  planetary 
satellites  such  as  Titan,  and  certain  comets. 

The  problem  of  carrying  out  expérimental  measure- 
ments of  electronic  and  ionic  collision  rates  for 
application  to  thèse  large  scale  atmospheric  environ- 
ments  is  by  no  means  straightforward.  It  is  essential 
that  the  conditions  under  which  the  laboratory  data 
are  obtained  reproduce  those  prevailing  in  the 
régions  of  the  ionosphère  to  which  they  are  being 
applied.  To  achieve  this  is  much  more  difficult  than 
would  appear  at  first  and  it  is  largely  responsible 
for  the  fact  that,  although  a  considérable  fraction  of 
research  in  atomic  and  molecular  physics  since  the 
last  war  has  been  especially  devoted  towards 
obtaining  such  data,  it  is  only  now  that  the  informa- 
tion is  sufficiently  comprehensive  and  reUable  for 
use  with  confidence. 

The  dynamical  température  of  the  neutral  gas 
in  the  earth's  atmosphère  increases  with  altitude  in 
the  main  part  of  the  ionosphère  from  about  200  K 
at  100  km  to  over  1  000  K  at  300  km.  Moreover, 
the  électron  and  ion  températures  and  T-  respec- 
tively  at  any  particular  height  are  in  gênerai  substan- 
tially  différent  from  each  other  and  from  T^.  This 
means  that  the  rates  of  the  relevant  ionic  reactions 
are  needed  as  functions  of  thèse  températures  over 
quite  a  wide  range,  extending  well  beyond  room 
température.  While  this  is  difficult  in  any  case  it  is 
aggravated  by  the  fact  that,  when  molecular  Systems 
are  involved,  internai  excitation  of  the  reactants  is 
likely  to  have  a  major  effect  on  the  reaction  rate.  It 
cannot  be  presumed  that  the  vibrational  température 
of  ambient  ions  will  be  the  same  as  the  translational. 

In  the  main  terrestrial  ionosphère  the  atmospheric 
tides  produce  ionospheric  motion  and  the  conséquent 
interaction  with  the  earth's  magnetic  field  leads  to 
drift  motions  of  the  ions  which  may  affect  the  ener- 
getics  of  the  reactions  involved  as  well  as  compli- 
cating  the  analysis  of  observed  data  in  terms  of 
électron  loss  rates. 

A  further  important  matter  which  is  particularly 
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significant  in  dealing  with  relatively  high  pressure 
situations  is  the  state  of  aggregation  of  the  ambient 
ions.  Cluster  formation  was  the  bugbear  of  early 
measurements  of  ionic  mobilities  and  it  is  very 
important  in  the  lower  ionosphère. 

Advances  m  technique  which  we  shall  shortly 
summarize  have  made  it  possible  to  provide  usefully 
appUcable  information  but  the  whole  situation  has 
been  greatly  simpUfied  by  the  development  of  space 
research  techniques.  Thèse  have  made  possible  in  situ 
measurements  of  lonospheric  properties  in  so  compre- 
hensive  a  fashion  that  a  self-consistent  c^ieck  of 
reaction  rates  derived  from  laboratory  experiment  is 
already  practicable,  at  least  for  the  main  ionosphère. 
The  combination  of  laboratory  and  space  techniques 
is  a  very  powerful  one  and,  as  we  shall  see,  a  remar- 
kably  complète  picture  of  the  mean  behaviour  of 
the  main  régions  of  the  ionosphère  in  terms  of  ionic 
and  dissociative  recombination  reaction  rates  can 
now  be  built  up. 

Requirements  for  a  complète  theory  of  the  mean 
ionosphère.  —  The  ionosphère  varies  with  latitude, 
longitude,  time  of  day,  epoch  in  the  solar  cycle  and 
condition  of  the  Sun.  We  shall  not  attempt  to  discuss 
the  variability  in  any  détail  but  refer  to  a  mean  iono- 
sphère, at  a  temperate  latitude  and  quiet  phase  in 
the  solar  cycle  and  usually  in  day  time  equilibrium. 
We  shall  say  only  a  little  about  the  behaviour  at 
night. 

For  a  complète  theory  of  the  behaviour  of  this 
mean  ionosphère  we  need  to  know  : 

(a)  the  composition  and  concentration  of  the  neu- 
tral  atmosphère  as  a  function  of  height, 

{b)  the  spectrum  of  the  solar  radiation  in  the 
XUV  région  which  is  of  sufficient  quantum  energy 
to  produce  photoionization  of  atmospheric  atoms 
and/or  molécules,  and 

(c)  the  drift  velocities  and  diffusion  rates  of  the 
ions  as  functions  of  height. 

In  principle  given  thèse  data  and  knowledge  of  the 
cross  sections  for  ionization  of  atmospheric  atoms 
and  molécules  by  XUV  radiation  and  by  électrons 
with  énergies  characteristic  of  the  photoelectrons 
produced  in  thèse  processes,  for  dissociative  recom- 
bination of  électrons  with  atmospheric  molecular 
ions  as  a  function  of  électron  and  gas  température, 
and  for  ail  relevant  reactions  involving  neutral  and 
ionized  atmospheric  molecular  Systems  as  functions  of 
translational  and  vibrational  températures. 

il  would  be  possible  to  calculate  the  électron  and  ion 
concentrations  and  températures  and  the  ion  compo- 
sition as  a  function  of  height.  In  fact  laboratory  data 
are  always  to  some  extent  incomplète  and  il  is  much 
more  effective  if  information  is  available  by  direct 
in  situ  measurements  using  space  techniques  of 
électron  and  ion  concentration  and  température  and 


of  ion  composition.  It  is  then  relatively  easy  to  check 
for  self-consistency.  This  is  the  situation  reached  at 
présent  with  the  main  région  of  the  earth's  iono- 
sphère, at  least  in  the  mean  as  we  have  defined  it. 

To  interpret  the  variable  aspects  of  the  main  iono- 
sphère is  more  comphcated  because  it  is  necessary 
to  take  account  of  ionization  due  to  solar  corpuscular 
streams  and  to  variations  in  the  solar  XUV  radiation. 
Although  we  shall  not  discuss  thèse  aspects  for  the 
main  ionosphère  we  shall  say  something  about  the 
relation  of  the  disturbances  observed  in  the  lower 
ionosphère  to  the  various  relevant  reaction  rates. 

Relevant  lonospheric  measurements  by  space  tech- 
niques. —  Because  of  the  variability  of  the  ionosphère 
and  indeed  of  the  factors  producing  it,  in  situ  measure- 
ments should  be  made  at  the  same  time  and  place  of 
ail  the  relevant  quantities.  Figure  1  shows  a  mean 
lonospheric  profile  of  électron  concentration.  Parti- 
cular  interest  attaches  to  the  région  below  250  km 
as  it  is  in  this  région  that  photochemical  equilibrium, 
in  day  time,  is  relatively  unaffected  by  drift  and  dif- 
fusion effects.  However  the  lifetime  of  an  artificial 
satellite  decreases  rapidly  as  the  périgée  distance 
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Fig.  1.  —  Schematic  représentation  of  the  variation  of  the  électron 
concentration  with  height  in  the  undisturbed  terrestrial  iono- 
sphère. 
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ails  below  this  value.  For  this  reason  it  is  only  recently 
hat  continuous  and  comprehensive  data  have  become 
vailable  from  satellite-borne  instruments.  This  bas 
een  achieved  through  the  Atmospheric  Explorer 
atellites  (AE)  C,  D  and  E. 

Thèse  satellites  have  been  launched  into  highly 
ccentric  orbits,  the  apogée  distance  being  of  the 
irder  4  000  km  and  the  périgée  close  to  150  km. 
Vith  this  périgée  distance  the  apogée  distance  would 
lecrease  at  a  rapid  rate  (initially  about  300  km  a 
nonth)  but  by  means  of  auxiliary  propulsion  this  is 
voided  so  that  the  satellite  lifetime  is  adéquate, 
excursions  to  lower  périgée  distances  for  a  limited 
lumber  of  orbits  is  also  possible.  The  limit  in  this 
ase  is  the  maximum  pressure  at  which  the  onboard 
nstruments  can  function  effectively. 

The  second  important  feature  of  the  Atmospheric 
Explorer  is  the  comprehensive  range  of  instruments 
:arried  so  that  simultaneous  measurements  may  be 
tnade  continuously  of  ail  important  ionospheric 
quantities.  Thus  AEC,  the  first  to  be  launched 
;Dec.  1973),  carries  an  open  [Nier  et  al..  1973]  and  a 
:losed  [Pelz  et  ai,  1973]  source  neutral  mass  spectro- 
tneter  to  measure  the  composition  of  the  neutral 
atmosphère  in  the  mass  range  from  1  to  46  a.m.u., 
a  velocity  distribution  analyser  [Spencer  et  al,  1973] 
to  measure  the  neutral  gas  température,  a  cold- 
:athode  gauge  and  capacitance  manometer  [Rice 
?/  ai,  1973]  to  measure  the  total  atmospheric  density, 
accelerometers  [Champion  and  Marcos,  1973]  to 
measure  the  total  atmospheric  density  at  ahitudes 
below  400  km,  a  magnetic  [Hoffman  et  al.,  1973] 
and  a  Bennett  type  [Brinton  et  al,  1973]  ion  mass 
spectrometer  to  measure  ion  composition  and  concen- 
tration up  to  46  a.m.u.,  a  retarding  potential  ana- 
lyser [Hanson  et  al,  1973]  to  measure  ion  mass, 
température,  concentration  and  drift  velocity,  a 
cylindrical  Langmuir  probe  [Brace  et  al,  1973]  to 
measure  électron  température  and  concentration  as 
well  as  ion  concentration,  a  solar  EUV  spectrophoto- 
meter  [Hinteregger  et  al,  1973]  to  measure  the  solar 
energy  in  the  wavelength  range  14  to  185  nm,  a 
solar  EUV  filter  photometer  [Heath  and  Osantowski, 
1973]  to  measure  the  solar  energy  in  bands  from  4 
to  135  nm,  a  UV  spectrometer  [Barth  et  al,  1973] 
to  measure  the  altitude  distribution  of  NO  between  80 
and  250  km,  a  photoelectron  spectrometer  [Doering 
et  al,  1973]  to  measure  the  flux  of  photoelectrons  and 
fast  électrons  with  énergies  between  2  and  500  eV, 
a  visible  airglow  photometer  [Hays  et  al,  1973]  to 
measure  the  intensities  of  the  airglow  at  wavelengths 
of630,  557.3,427.8,  337.1,  52. Oand  731. 9to733.0nm, 
a  low  energy  ion  and  électron  detector  [HofTman 
et  al,  1973]  to  measure  particle  fluxes  in  the  energy 
range  0.2  to  25  keV,  as  well  as  a  three-axis  fluxgate 
magnetometer  [Armstrong  and  Zmuda,  1973]. 

With  this  remarkable  automatic  laboratory  in 
space  not  only  are  ail  the  important  ionospheric 
parameters  observed  continuously  but  there  is  a 


considérable  degrec  of  redundancy  so  that  measure- 
ments made  by  one  instrument  may  be  checked  or 
calibrated  against  those  made  by  others.  The  only 
spécial  problem  which  is  at  ail  important  for  appli- 
cations to  ionospheric  photochemistry  is  that  of 
measuring  the  concentration  of  atomic  and  molecular 
oxygen.  Above  100-120  km  the  atmospheric  oxygen 
is  mainly  monatomic  and  hence  highly  reactive. 
With  a  closed  source  mass  spectrometer  most  of  the 
atomic  oxygen  will  react  on  the  surfaces  before  ioniza- 
tion.  There  is  strong  évidence  that  if  the  surfaces  to 
which  the  incoming  atoms  are  exposed  are  gold- 
plated  quantitative  conversion  to  O2  occurs,  so  that 
the  sum  [O2]  +  î  [O]  is  measured,  [  ]  denoting 
concentration  of.  In  an  open  source  instrument  the 
position  is  not  so  clear.  It  seems,  however,  that  in 
this  case  with  surfaces  only  briefly  exposed  to  low 
pressure  conditions,  as  in  rocket  flights,  most  of  the 
atomic  oxygen  reaches  the  ionizing  chamber  without 
reaction.  For  surfaces  exposed  over  a  long  period 
as  in  satellite  observations  this  no  longer  applies 
and  effectively  ail  of  the  atoms  recombine  to  form  O2 
just  as  in  the  closed  source  case.  This  means  that, 
at  altitudes  well  above  120  km  both  types  of  instru- 
ment yield  [O]  with  reasonable  accuracy  because  [O2] 
is  relatively  small.  However  it  is  important  also  to 
détermine  [O2].  [Nier  et  al,  1974]  were  able  to  adapt 
their  open  source  instrument  to  do  this,  distinguishing 
the  ambient  O2  from  that  derived  by  recombination 
of  ambient  O,  by  the  possession  of  a  velocity  relative 
to  the  coUector  equal  to  the  satellite  velocity.  This 
was  only  possible  when  the  satellite  was  operated  in 
a  spinning  mode. 

Remarks  on  the  measurement  of  ionic  reaction  rates. 

—  A  great  step  forward  in  expérimental  techniques 
for  measurement  of  ionic  reaction  rates  under  thermal 
conditions  was  taken  with  the  introduction  of  the 
flowing  afterglow  technique  [Ferguson  et  al,  1964]. 
This  method  has  been  applied  with  great  success  to 
the  measurement  at  room  température  of  a  great 
variety  of  reaction  rates  of  importance  in  planetary 
ionosphères.  Recently  a  further  variant  known  as 
the  selected  ion  flow  tube  (SIFT)  technique  has  been 
introduced  [Adams  and  Smith,  1976a].  In  this  the 
ions  under  study  are  not  produced  by  an  electric 
discharge  in  the  flowing  gas  but  by  injection  of  a 
mass-selected  beam  of  ions  into  the  flow  tube.  This 
has  the  advantage  of  eliminating  a  number  of  other 
ionic  species  as  well  as  électrons,  photons  and  excited 
atoms  and  molécules  from  the  reacting  system.  The 
identification  of  product  ions  and  the  détermination 
of  branching  ratios  is  thereby  facilitated  while  it 
becomes  possible  to  study  reactions  involving  ions 
in  metastable  states. 

Both  the  original  flowing  afterglow  technique  and 
this  modification  are  very  efTective  at  room  tempe- 
ratures  but  it  is  more  difficult  to  extend  the  tempe- 
rature  range  of  the  observations.  With  somc  diffi- 
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culty,  in  a  flowing  afterglow  tube  measurements  may 
be  made  up  to  a  température  of  900  K,  but  not 
higher. 

For  thèse  reasons  a  great  deal  of  effort  has  been 
devoted  to  the  use  of  drift  tube  techniques  in  which  the 
ions  are  accelerated  to  superthermal  énergies  by  appli- 
cation of  an  electric  field.  By  an  ingenious  extension  of 
techniques  for  measurement  of  ion  mobilities 
McDaniel  and  his  collaborators  [McDaniel,  1968] 
have  been  able  to  measure  ionic  reaction  rates 
k{T^,  FIN)  as  a  function  of  the  ratio  FjN  of  electri^c 
field  strength  F  to  the  concentration  N  of  the  main 
(buflfer)  gas  through  which  the  ions  drift,  at  room 
température  T^.  The  problem  is  to  convert  k{T^,  FjN), 
to  k{T)  which  is  the  reaction  rate  when  ail  the  degrees 
of  freedom  of  the  reactants  are  in  thermal  equilibrium 
at  température  T. 

The  usual  procédure  is  to  assume  that  the  mean 
kinetic  energy  ^i^;,  of  the  ions  is  given  by  Wannier's 
expression  (Wannier,  1953),  valid  when  the  collision 
frequency  is  constant, 

^lab  =  î  ^'d   +  î  f'd   +  I  (1) 

where  Mj,  M„  are  the  masses  of  the  ion  and  neutral 
gas  atom  respectively,  is  the  ion  drift  velocity  and 
T  the  gas  température.  The  mean  kinetic  energy  E^^, 
in  the  CM  System,  for  the  interacting  Systems  is 
given  by 

^cm  =  Î(M  MJM,  +  MJ  (l'f  +  vl) ,  (2) 

where  l'f  and  i»^  are  the  mean  square  thermal  velocities 
of  the  ions  and  neutral  atoms  respectively. 
Since 

vI  =  3kTIM^,       v^=2E,JM,,  (3) 

^cm  =  (MJM^  +  MJ         -  I  K-r)  +  I  K-r .  (4) 

k{T^,  F/N)  is  then  taken  to  be  k(T^ff)  where 

I  K-r,„  -        .  (5) 

Strong  support  for  the  validity  of  this  procédure, 
when  both  reacting  Systems  are  atomic  and  the 
variation  of  the  reaction  rate  with  température  is 
not  too  rapid,  has  recently  been  provided  by  a  theo- 
retical  study  due  to  Viehland  and  Mason  (1977). 
They  develop  a  systematic  procédure  for  determining 
T^ff.  The  first  approximation  in  this  procédure  is  a 
good  one  under  the  conditions  stated  and  it  is  just  (5) 
with  E^^  given  by  (4).  At  the  same  time  Lin  and 
Bardsley  (1977)  carried  out  a  Monte  Carlo  simulation 
of  ion  motion  in  drift  tubes  which  again  showed 
that  (5)  is  a  good  approximation  under  thèse  condi- 
tions. On  the  other  hand,  their  results  showed  clearly 
that  indiscriminate  use  of  the  approximation  could 
lead  to  unsatisfactory  data  about  the  variation  of 
the  reaction  rate  coefficient  with  température.  A 
particular  example  of  interest  in  the  présent  context 
is  the  reaction 


This  was  studied  experimentally  by  AUbritton  et  al. 
(1977)  together  with  two  other  reactions  with  the 
spécial  aim  of  checking  the  conclusions  of  Viehland 
and  Mason  and  of  Lin  and  Bardsley.  For  this  purpose 
they  used  a  flow  drift  tube  [McFarland  et  al.,  1973a] 
which  combines  the  versatility  of  the  flowing  after- 
glow technique  with  the  drift  tube  for  obtaining 
higher  energy  ions.  They  measured  rate  coefficients, 
kiT^,  F/N)  using  two  différent  buflfer  gases  He  and  Ar. 
From  thèse  results  they  derived  k{T^ff)  using  (5). 

Figure  2  shows  that  différent  results  are  obtained 
for  the  two  buflfer  gases  arising  from  différences  in  the 
ion  velocity  distributions  in  the  two  cases.  This  is 
confirmed  by  using  the  velocity  distributions  calcu- 
lated  by  Lin  and  Bardsley  (1977)  first  to  unfold  the 
reaction  cross  sections  as  a  functibn  of  ion  energy 
for  the  hélium  data  and  then  to  dérive  the  reaction 
rate  for  argon  as  a  function  of  T^f(.  This  agrées  well 
with  the  observed  results  (see  Fig.  2).  The  hélium 
observations  also  agrée  with  those  calculated  assuming 
Maxwellian  distributions  about  T^((  (Fig.  2). 
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Fig.  2.  —  Rate  coefficients  for  the  reaction  C+Nj-NO^+N 
measured  by  Albritton  et  al.  (1977)  using  the  flow  drift  technique 
with  différent  gases  as  indicated.  O  A  argon  at  pressures  of  0.112 
and  0.206  torr  respectively  ;  ■  T  A  •  hélium  at  pressures  of 
0.206,  0.395,  0.410  and  0.810  torr  respectively;  x  measured  by 
the  flowing  afterglow  method  at  room  température  (Dunkin  et  al.. 
1968).  The  rate  coefficients  are  given  using  E^^  as  defined  by  (4). 

This  reaction  is  an  extrême  case  in  which  the  varia- 
tion with  température  is  rapid.  An  expérimental 
check  on  the  validity  of  (5)  in  other  cases  may  be 
carried  out  by  verifying  that  the  résultant  k{T^ff) 
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curve  is  mdependent  of  the  bufter  gas.  If  not  il  is 
necessary  to  use  higher  approximations  in  the  Vieh- 
land  and  Mason  procédure  to  obtain  the  correct 
curve. 

Strictly  speaking  thèse  considérations  only  apply 
when  both  reactants  are  atomic  so  no  complications 
arise  from  internai  degrees  of  freedom.  So  far  it  has 
been  necessary  to  assume  in  the  case  of  molecular 
reactants  that  they  are  in  their  lowest  vibrational 
States.  As  the  reaction  rate  may  well  dépend  quite 
strongly  on  the  degree  of  vibrational  excitation  this 
may  introduce  considérable  uncertainty  into  the 
application  of  expérimental  data.  Attention  must 
always  be  paid  to  this  question,  particularly  when 
the  ions  are  molecular  because  their  mode  of  pro- 
duction may  well  lead  preferentially  to  formation  in 
excited  vibrational  states.  In  such  cases  the  reaction 
rate  will  dépend  on  the  âge  of  the  ions  and  this  may 
be  used  to  check  whether  excited  states  are  contributing 
to  the  results.  The  problem  of  application  to  large 
scale  Systems  may  be  aggravated  by  absence  of 
knowledge  of  the  state  of  internai  excitation  of  some 
of  the  molecular  constituents  in  such  Systems. 

Incidentally,  a  considérable  step  forward  has 
recently  been  made  in  solving  the  related  problem 
of  determining  the  degree  of  excitation  of  the  products. 
Thus  Bierbaum  et  al.  (1977)  have  succeeded  in  observ- 
ing  infrared  radiation  arising  from  vibrationally 
excited  COj  produced  in  the  reaction 

CO  +  0  ->C02  +  e.  (7) 
From  observations  of  this  kind  the  vibrational 
energy  distribution  of  the  CO2  may  be  obtained. 

Measurement  of  dissociative  recombination  coeffi- 
cients, —  Although  electron-ion  recombination  is  not 
usually  thought  of  as  an  ionic  reaction  it  plays  so 
central  a  rôle  in  atmosphenc  photochemistry  that 
we  must  pay  some  attention  here  to  the  problems 
involved  in  its  measurement. 

Until  the  introduction  [Biondi  and  Brown,  1949] 
of  the  microwave  probing  of  discharge  afterglows  to 
monitor  the  rate  of  loss  of  électrons  there  was  no 
direct  expérimental  information  available  about 
recombination  rates.  To  obtain  defînite  results  for 
ions  in  well  defined  states,  as  a  function  of  électron 
and  of  ion  température,  proved  to  be  a  very  difficult 
task.  Particular  interest  for  atmospheric  applications 
attaches  to  recombination  to  N2^,  Oj  and  NO  . 

In  experiments  involving  discharge  afterglows  one 
major  problem  is  that  of  ensuring  that  the  ions  to 
which  the  électrons  are  recombining  are  indeed 
those  which  are  under  study  and  not  other  more 
complex  ions  which  are  readily  formed  in  afterglow 
conditions.  This  must  be  achieved  while  at  the  same 
time  ensuring  that  recombination  and  not  diffusion 
to  the  container  walls  is  the  dominant  loss  process 
for  électrons. 

Kasner  and  Biondi  (1968)  found  thèse  conditions 
were  achieved  for  N2  ions  in  an  afterglow  in  neon 


al  a  pressure  belween  15  and  40  torr  containing  a 
partial  pressure  ofN2between  5  x  10"  ^  and  10^^  torr. 
However  the  state  of  vibrational  excitation  of  thèse 
ions  remained  uncertain.  Measurements  were  then 
made  of  the  recombination  coefficient  al  room  tempe- 
rature  and  extended  by  Mehr  and  Biondi  (1969)  to 
électron  températures  as  high  as  4  000  K  by  using 
microwave  heating.  Thèse  latter  measurements  conti- 
nued  to  refer,  however,  to  neutral  gas  at  room  tempe- 
rature. 

Merging  beam  techniques  have  not  yet  proved 
accurate  enough  at  low  relative  kinetic  énergies  to 
provide  a  check  on  afterglow  measurements  but 
Walls  and  Dunn  (1974)  have  used  the  ion  storage 
technique  to  measure  recombination  cross  sections 
for  slow  électrons  with  NO+  and  02^^  which  may  be 
compared  with  the  afterglow  measurements  for  thèse 
ions.  Walls  and  Dunn  contained  the  ions  under  study 
in  a  cylindrical  quadrupole  ion  trap  [Byrne  and 
Farago,  1965],  the  containing  fields  being  a  large 
homogeneous  magnetic  field  parallel  to  the  axis  and 
an  electrostatic  field  of  potential  proportional  to 
r  -2:^  where  r.  z  are  the  usual  cylindrical  coordi- 
nates.  In  such  a  combination  of  fields  each  ion  has 
a  characteristic  frequency  of  oscillation  in  the  z 
direction  and  this  was  used  to  detect  each  ion  species 
through  the  noise  power  spectrum  of  the  image 
currents  induced  at  one  end  of  the  trap  [Dehmelt 
and  Walls,  1968].  Electrons  of  well  defined  energy 
from  0.045  eV  up  to  10  eV  were  fired  into  the  trap 
along  magnetic  field  Unes  and  the  rate  of  loss  of 
ions  observed. 

With  résidence  times  attainable  for  NO""  of  40  min 
it  seems  very  probable  that  the  recombination  mea- 
surements referred  to  ions  in  their  ground  electronic 
and  vibrational  states.  For  02^  on  the  other  hand 
the  vibrational  lifetimes  are  expected  to  be  very 
much  longer  and  the  distribution  of  vibrational 
excitation  is  likely  to  be  that  determined  by  their 
mode  of  formation. 

Walls  and  Dunn  measured  cross  sections  as  func- 
tions  of  électron  energy  and  thèse  must  be  averaged 
over  Maxmillian  energy  distributions  to  obtain  recom- 
bination coefficients  as  functions  of  électron  tempe- 
rature.  Some  ambiguity  arises  in  this  procédure 
because  of  the  uncertain  extrapolation  of  the  cross 
section  data  to  zéro  électron  energy.  This  is  unim- 
portant  for  0+  and  figure  3  shows  remarkably  good 
agreement  with  the  results  obtained  in  afterglow 
experiments  over  a  very  wide  range  of  électron  tempe- 
ratures.  The  indications  are  that,  despite  ail  the 
uncertainties,  the  0^  under  study  has  indeed  been 
in  the  ground  electronic  and  vibrational  states. 

For  NO^  there  is  greater  ambiguity  in  denving 
recombination  coefficients  from  the  cross  section 
data  as  seen  from  figure  4.  Nevertheless  there  is 
quite  good  agreement  with  the  afterglow  data,  sup- 
porting  again  the  assumption  that  the  ions  are  in 
their  ground  states. 
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Fig.  3.  —  Rate  coefficients  for  dissociative  recombination  of 
électrons  to  O2 ,  measured  as  functions  of  électron  température 
by  différent  observers.  x  Mehr  and  Biondi  (1969)  ;  Kasner  and 
Biondi  (1968);  Plumb  et  al.  (1972);  Cunningham  and  Hobson 

(1972);  Stein  et  al.  (1964);  Mahdavi  et  al.  (1971).    derived 

from  the  cross  section  measurements  of  Walls  and  Dunn  (1974). 
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Fig.  4.  —  Rate  coefficients  for  dissociative  recombination  of 
électrons  to  NO^  measured  as  functions  of  électron  température 
by  différent  observers.  □  Weller  and  Biondi  (1968)  ;  (}  Gunton 
and  Shaw  (1965);  x  Young  and  St-John  (1966)  ;  o  Mahdavi  a/. 
(1971);  S  Stein  et  al.  (1964);  L  Lin  and  Teare  (1963).  The  full 
line  curves  are  derived  from  the  cross  section  measurements  of 
Walls  and  Dunn  (1974)  using  différent  extrapolations  of  thèse 

12  34 
measurements  lo  lower  (—  and  — )  and  higher  (—  and  — )  énergies 

respectively.  calculated  by  Bardsley  (1968)  ;  .      . .  calculated 

by  Michels  (1973). 


lonic  reactions  and  dissociative  recombination  in  the 
ionosphère.  —  Figure  5  shows  the  height  distri- 
bution of  électrons  and  of  the  main  positive  ions  in 
the  terrestrial  ionosphère  near  sunspot  minimum 
derived  from  analysis  of  observations  over  many 
years  with  rocket-borne  instruments.  It  will  be  seen 
that  NO""  is  dominant  at  ahitudes  below  180  km 
whereas  NO  is  a  minor  constituent.  The  reverse 
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Fig.  5.  —  Variation  with  altitude  in  the  earth's  ionosphère  of  the 
concentrations  of  électrons  and  of  the  main  varieties  of  positive 
ions  near  sunspot  minimum,  derived  from  analysis  over  many 
years  of  observations  made  with  rocket  borne  instruments. 


situation  applies  to  N2  which  is  a  minor  ion  derived 
from  a  major  neutral  constituent. 

Between  altitudes  of  1 30  and  250  km  the  major 
neutral  constituents  are  N2  and  O.  Thus  at  160  km 
the  concentrations  of  O,  N2  and  O2  are  typically 
4  X  10'\ 9  X  10'^  and  6  x  10'^  m-^  while  at  220  km 
the  corresponding  values  are  7.5  x  10^*,  6x10"^ 
and  3  x  10^^.  The  ions  primarily  produced  by  the 
solar  radiation  are,  in  this  altitude  range,  very  largely 
N2^  and  O^.  It  is  clear  by  référence  to  figure  5  that 
ionic  reactions  must  play  a  vital  part  in  redistributing 
this  ionization. 

A  great  deal  of  analysis  of  thèse  reactions  is  now 
possible  by  working  with  a  combination  of  laboratory 
data  with  data  obtained  from  the  Atmospheric 
Explorer  satellites.  We  shall  analyse  in  this  way  the 
equilibrium  concentrations  of  02^,  ^2  NO"^, 
checking  particularly  the  self-consistency  of  the 
schemes  developed. 


The  O2  Chemistry.  —  The  AEC  data  were  first 
discussed  in  this  connexion  by  Oppenheimer  et  al. 
(1976a). 

In  the  neighbourhood  of  the  200  km  level,  where 
the  concentration  of  O2  is  relatively  small,  the  main 
source  of  O2  is  the  charge  transfer  reaction 

0+  +  O2     02^^  +  O,  (8) 

direct  production  by  photoionization  of  O2  being 
very  small.  At  the  same  time  the  only  important  loss 
process  is  dissociative  recombination 

Oj""  +  e  ->  O  +  O  .  (9) 
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(11) 


ïhe  equilibnum  concentration  [O;]  of  O;  is  then 
determincd  from 

where  k,  is  the  rate  coefficient  for  (8)  and  ce  is  the 
recombination  coefficient  for  (9).  The  latter  is  thus 
given  by 

^  /c,[0'][02] 
[On[e] 

Torr  et  al.  (1977)  applied  thèse  considérations  to 
data  obtained  from  AEC  in  the  day  time  at  altitudes 
between  190  and  240  km  for  which  they  should  be 
valid  For  k,  they  assumed  the  value  measured  by 
McFarland  et  al.  (1973)  using  the  flow  drift  tube 
method,  namely 

k,  =  (2.0  ±  0.2)  X  10-'^  (7-/300)-°-**°  '"      s"'  , 
T  <  1  800  K,  (12) 

T  being  the  reduced  température 

(M.  M„)I{M,  -+  MJ  (r„/M„  +  TJM.) , 

M ,  M„  being  respectively  the  ion  and  neutral  molé- 
cule masses,  T-,  r„  the  corresponding  températures. 

[O^]  and  [62]  were  obtained  directly  from  the 
mass  spectrometer  measurements  and  [Oj]  from  the 
open  source  neutral  mass  spectrometer  using  the 
technique  developed  by  Nier  et  al.  (1974)  referred 
to  earher.  The  total  ion  density  and  électron  tempe- 
rature  were  measured  by  the  cylindrical  electrostatic 


(cm^  sec'') 


probe,  and  neutral  températures  inferred  from  the 
scale  height  of  the  N2. 

To  avoid  any  contribution  to  ionization  via  auroral 
excitation  data  used  were  limited  to  latitudes  less 
than  55". 

Figure  6  shows  the  derived  value  of  a  as  a  function 
of  électron  température  compared  with  the  measure- 
ment  of  Walls  and  Dunn  (1974)  discussed  earlier. 
The  agreement  is  remarkably  good  and  suggests  that 
the  measured  values  of  both  k,  and  a  are  close  to 
the  truth.  It  is  interesting  to  note  that  the  analysis  is 
independent  of  knowledge  of  the  EUV  spectrum  of 
the  sun. 

Oppenheimer  et  al.  (1976)  were  primarily  concerned 
with  deriving  [O2]  from  observed  concentrations  of 
[O2]  and  they  took  into  account  a  number  of  minor 
sources  and  sinks  for  02"",  using  expérimental  values 
for  reaction  rates.  The  O2  concentrations  which  they 
denved  were  checked  against  measured  data  and 
found  to  be  consistent. 

The  N2  Chemistry.  —  In  the  daytime  is  pro- 
duced  primarily  through  photoionization,  ionization 
by  energetic  photoelectrons  and  by  charge  transfer 
reactions  with  metastable       ions,  namely 

O^('P)  -f  N2  ->  N+  +  O  (^2),  (13) 

O^('D)  +  N2  ^  N2'"  +  0(/c3).  (14) 
Loss  of  N2^  occurs  mainly  through  the  ionic  reactions 

+  O     NO+  +  N  (k^),  (15a) 

N+  +  O  ->0+  +  ^2(^5),  (15è) 
and  by  dissociative  recombination 

+  e  ^  N  +  N  (ke).  (16) 

The  equilibrium  concentration  [Nj]  of  N5  is  then 
given  by 

[N^]  =  {  9,  +  ^2  +  ^2[0"eP)]  +  ^3[0"('D)]  }  X 
x[N2]/(/c4  +  ^5)[0]  +  ^6[e]  (17) 

and  ^2  are  the  respective  rates  of  production  by 
photoionization  and  by  photoelectron  ionization 
of  N2. 

Oppenheimer  et  al.  (1976)  made  a  preliminary 
comprehensive  study  in  which  they  considered  m 
détail  the  sources  and  sinks  of  the  metastable  0  + 
ions  over  the  altitude  range  from  160  to  380  km. 
Below  240  km  the  only  important  sinks  are  found 
to  be  the  reactions  (13)  and  (14)  respectively  but  at 
greater  altitudes  the  quenching  reactions 


Fig.  6.  —  Rate  coefficient  for  dissociative  recombination  of  élec- 
trons with  O2  as  a  function  of  électron  température,  derived 

from  the  measurements  of  Walls  and  Dunn  (1974)  (see  Fig.  3) 
and  O  obtained  by  Torr  el  al.  (1976)  from  analysis  of  Atmosphenc 
Explorer  C  data. 
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Using  available  measured  values  for  rate  constants, 
supplemented  by  information  on  quenching  rates 
available  from  measurements  of  the  airglow  émission 
at  731.9  nm  [Walker  et  al.,  1975  ;  Rusch  et  ai,  1975] 
and  theoretical  values  for  rates  of  électron  deactiva- 
tion  of  the  metastable  ions,  together  with  AEC  data 
on  the  EUV  solar  spectrum  and  laboratory  and  theo- 
retical information  about  photoionization  and  photo- 
electron  ionization  rates,  Oppenheimer  et  al.  (1976) 
derived  [N^]  as  a  function  of  altitude  for  a  number 
of  orbital  passes.  Their  results  are  compared  in 
figure  7  with  observed  values  for  a  particular  orbit. 
The  calculated  results  dépend,  above  240  km,  on 
assumptions  made  about  the  unmeasured  reaction 
rates  for  the  reactions  (18),  (19).  For  0+(^P)  the 
best  fit  was  obtained  with  reaction  rates  for  quenching 
by  and  by  O  respectively  of  4.0  x  10"'^  and 
1.0  X  10"'^  s"'  and  for  quenching  of  0^{^D) 
by  O  of  1.0  X  10"'*' m^  s~'.  Although  thèse  are 
very  preliminary  and  probably  not  definite  values 
they  show  that,  with  further  refinement,  data  on 
reactions  very  difficult  to  study  in  the  laboratory 
may  be  obtained  from  observations  in  space. 
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Fig.  7.  —  Variation  of  N^"^  concentration  with  altitude  :  •  observed 
with  magnetic  ion  mass  spectrometer  on  Atmospheric  Explorer  C 
during  the  upleg  of  a  particular  orbit  ;  x  calculated  by  Oppen- 
heimer et  al.  (1976)  from  the  ion  chemistry  of  Nj"". 

Torr  et  al.  (1977)  took  advantage  of  the  fact  that 
the  reactions  (18)  and  (19)  are  unimportant  below 
240  km.  In  that  case  ail  0''(^P)  and  0"'(^D)  primarily 
formed  by  photoionization  will  be  ultimately  con- 
verted  to  Nj*.  Furthermore,  below  210  km  the  contri- 
bution to  N^""  loss  by  recombination  is  small.  Under 
thèse  conditions  (17)  reduces  to 

fN2  ]-((/,+  ^2  +  </3  ^  +  ^4  P)Kk^  +  k,)[0]. 

(20) 

Here     and     are  the  rates  of  production  of  O  ^(-P) 


and  0"^(^D)  by  photoionization  and  photoelectron 
ionization  respectively  and  //  =  [0]/[N2]. 

Using  measured  values  for  [Nj]  and  [O]  made  by 
the  open  source  mass  spectrometer,  values  were 
found  for  and  increasing  gradually  from 
1.03  X  10"'^  m^  s"'  at  an  ion  température  of  600  K 
to  1.19  X  10"'^  m^  s"'  at  900  K.  The  lowest  value 
agrées  very  well  with  that  measured  by  McFarland 
et  al.  (1974)  using  the  flow  drift  tube  method,  but 
the  laboratory  values  decrease  as  the  effective  tempe- 
rature  rises.  The  opposite  resuit  found  by  Torr  et  al. 
can  be  ascribed  to  neglect  of  recombination  which 
becomes  increasingly  important  at  the  higher  altitudes 
as  may  be  seen  from  figure  8.  Detailed  analysis  of 
the  recombination  contribution  is  complicated  by 
inadéquate  évidence  about  the  influence  of  vibra- 
tional  excitation  on  the  rate  but  the  order  of  magni- 
tude seems  to  be  quite  close  to  that  measured  by 
Mehr  and  Biondi  (1969). 


(  cm'^sec"'  ) 


Fig.  8.  —  Comparison  of  loss  rates  of  Nj^  in  the  ionosphère  at 

différent  altitudes   :    due  to  dissociative  recombination; 

—  due  to  the  ionic  reaction  N^*  +  O  -»  NO*  +  N  (from  Torr 
et  al.,  1977a). 


The  NO"^  Chemistry.  —  NO  is  produced,  at 
altitudes  above  150  km,  mainly  through  the  reactions, 

0+  +       ^  NO+  +  N  (k,),  (21) 

+  O  ^  N0+  +  N(/.-8),  (22) 

while  appréciable  contributions  also  come  from 

N+  +  O2  ^  N0+  +  0(k^)  (23) 

O^"^  +  NO     O2  +  NO^  ,  (24) 

and,  below  200  km,  from 

O2+  +  N  ^  NO^  +  O  .  (25) 

Dissociative  recombination  (coefficient  a)  is  the  only 
effective  loss  process  at  thèse  altitudes. 


REACTIONS  IN  THF.  LABORATORY  AND  IN  PLANETARY  ATMOSPHERES 


C'7-29 


At  altitudes  abovc  240  km  thcre  is  no  signiticanl 
contribution  from  (24)  or  (25)  so  thaï  in  equil.brium, 
in  day  time, 

[NO+]  =  ^7[0+][N,]  +  A.-h[N,+  ][0]  + 

+  AJNn[OJ/-47„)[e].  (26) 
[Torr  et  ai,  1977c]  used  tins  relation  to  analyse  AEC 
data  for  altitudes  below  350  km  so  as  to  avoid  compli- 
cations due  to  vertical  transport  of  NO^.  was 
obtained  from  the  analysis  of  the  [^j]  chemistry. 
Conditions  were  chosen  in  which  the  contribution 
from  (22)  was  negligible  while  a  major  contribution 
cornes  from  (21).  It  was  found  that,  over  the  ion 
température  range  from  500  to  1  200  K,  good  agree- 
ment  with  (26)  is  obtained  if  k,  is  taken  to  be  that 
measured  by  Albritton  et  al.  (1977)  as  described 
earlier  and  aiT^)  is  taken  from  the  observations  of 
Walls  and  Dunn  [1974]. 

As  an  interesting  illustration  of  the  importance  ot 
ion  drift  motion  under  certain  conditions  Torr  et  al. 
also  analysed  night  time  data  for  which  case  no 
contribution  cornes  from  (22)  or  (23).  Figure  9  shows 
a  comparison  between  the  values  of  k^  consistent 
with  the  night  time  data  and  those  derived  from  the 
day  time  observations.  It  is  seen  that,  at  ion  tempe- 
ratures  greater  than  750  K,  the  night  time  values  rise 
rapidly  with  increasing  ion  température  whereas  for 
the  day  time,  in  agreement  with  laboratory  experi- 
ment,  they  continue  to  fall  slowly,  at  least  up  to 
1  000  K.  The  différence  can  be  ascribed  to  the  pos- 
session by  the  ions  at  night  of  a  large  drift  velocity, 
as  measured  by  the  retarding  potential  analyser. 


300      500     700      900     1100      1300     1500  1700 

Fig.  9.  —  The  rate  coefficient  for  the  reaction 

+  N2  -  NO*  +  N  , 
observed  as  a  funclion  of  ion  température  7.  by  Torr  et  al.  (1971), 
from  observations  made  by  instruments  aboard  Atmospheric 
Explorer  C  :  |  derived  from  day  time  observations  ;  ^  derived 
from  night  time  observations.  The  numbers  refer  to  the  number 
of  samples  used.  Curves  1,  2.  3,  calculated  for  thc  lonosphcric 
conditions  using  ihc  mcasurcmcnts  d  Alhnllon  n  al  (l'^77)  and 
différent  assumed  ion  velocity  distributions. 


Duling  day  time  thc  production  of  NO+  is  so  much 
greater  that  in  any  case  the  influence  of  drift  motion 
on  the  NO'  distribution  is  rclatively  unimportant. 


lonic  reactions  in  the  ionosphères  of  Mars  and  Venus. 

-  A  considérable  amount  of  information  is  already 
available  about  the  atmosphère  of  Mars  and  about 
the  Martian  ionosphère.  The  Viking  project  which 
successfuUy  landed  two  instrumented  packages  on 
the  Martian  surface  in  July  1976  greatly  expanded 
the  information  already  available  from  the  earlier 
Mariner  missions.  During  entry  through  the  atmo- 
sphère observations  were  made  with  a  mass  spectro- 
meter  of  the  atmospheric  composition  [Nier  and 
McElroy,  1977],  and  with  a  retarding  potential  ana- 
lyser of  ionospheric  properties  [Hanson  et  ai,  1977], 
including  the  ion  composition,  concentration  and 
température. 

The  atmosphère  of  Mars  is  much  more  tenuous 
than  that  of  the  earth,  the  pressure  at  ground  being 
only  6  X  10"^  times  as  large.  It  is  composed  very 
largely  of  CO2.  Measurements  with  the  mass  spectro- 
meters  on  the  two  Viking  landers  show  that  at  130  km 
altitude  the  concentrations  of  CO2IN2,  CO  and  O2 
are  roughly,  in  m-\  3  x  10•^  10'\  4  x  10^^ 
and  10'*  respectively.  At  160  km  the  values  difîer 
somewhat  between  the  two  landers.  From  the  one 
which  landed  on  3  September  1976,  the  respective 
values  are  5  x  10'^  5  x  10'\  2  x  10'^  and  10'^ 
The  concentrations  of  atomic  oxygen  were  not 
measured  but  from  estimâtes  based  on  photochemical 
information  it  is  likely  that  at  130  km  the  concen- 
tration is  of  the  order  2  x  10'*  m  \  falling  by  a 
facto r  of  ten  in  the  next  40  km. 

Measurements  with  the  retarding  potential  ana- 
lysers  on  the  two  landers  show  that  the  peak  électron 
concentration  in  day  time  is  very  close  to  10"  m  \ 
occurring  at  an  altitude  of  130  km,  falling  to  10  in 
the  next  120  km.  The  main  positive  ion  over  th^s 
range  is  O2  ■  The  next  most  abundant  ion,  COj, 
is  about  ten  times  less  abundant  at  altitudes  above 
the  maximum  and  increasingly  less  so  at  lower 
altitudes  —  at  1 10  km  its  concentration  is  only  about 
1  "/„  of  that  of  the  O2  • 

The  ion  chemistry  responsible  for  this  situation  is 
quite  simple.  CO2  ions  primarily  produced  by  solar 
photoionization  are  converted  to  O2  through  the 
reaction 

C02'^  +  O     02"^  +  CO  ,  (27) 

the  rate  of  which  has  been  measured  at  room  tempe- 
rature  by  Fehsenfeld  et  al.  (1970)  as 
1.0  X  10'     m^  s"  '  . 

McElroy  et  al.  (1977)  have  considered  other  reactions 
in  a  preliminary  analysis  which  yields  values  for  the 
concentrations  of  O^  and  CO2'  in  quite  good  agree- 
ment with  the  observed  data. 
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An  unexpected  major  différence  between  the  ter- 
restrial  and  Martian  ionosphères  is  that  the  latter 
exhibits  no  F  région  (see  Fig.  1).  This  région  arises 
because  at  altitudes  from  300  to  800  km  or  more  the 
main  neutral  constituent  in  the  earth's  atmosphère 
is  atomic  oxygen.  The  primary  O"^  ions  can  only 
recombine  through  conversion,  in  some  ionic  reaction, 
to  a  molecular  ion,  a  process  which  must  necessarily 
be  very  slow  at  altitudes  where  few  neutral  molécules 
are  présent.  This  means  that  the  effective  rate  of  loss 
of  électrons  is  very  low  and  hence  the  equilibrium 
électron  concentration  is  large. 

It  was  expected  that  a  similar  situation  would 
apply  to  Mars.  Just  as  the  terrestrial  is  dissociated 
by  sunlight  and  at  sufficiently  great  height  the  atomic 
oxygen  floats  above  the  denser  N2,  so  on  Mars  the 
CO2  should  be  photodissociated  to  form  CO  and  O. 
In  this  case  once  again  the  O  should  dominate  in  the 
neutral  atmosphère  at  high  aUitudes  so  that  recom- 
bination  would  be  very  slow  and  the  equilibrium 
électron  concentration  high.  It  is  still  not  clear  why 
this  does  not  occur. 

We  must  expect  that  the  ion  chemistry  of  an  atmo- 
sphère which  is  predominantly  composed  of  CO2 
will  also  be  appropriate  for  the  ionosphère  of  Venus. 
The  atmosphère  of  this  planet  is  known  from  early 
probing  missions  to  be  composed  mainly  of  COj 
with  about  a  5  %  admixture  of  N^,  a  resuit  confirmed 
by  the  récent  Pioneer  and  Venera  lander  and  orbital 
missions.  On  the  other  hand  the  pressure  at  ground 
level  is  about  90  times  larger  than  on  the  earth.  The 
électron  concentration-altitude  profile  of  the  iono- 
sphère [Bauer  et  al.,  1977]  has  been  derived  from 
observations  made  in  the  Mariner  10  occultation 
experiment.  The  day  time  maximum  of  4  x  10^^  m~^ 
occurs  at  130-140  km  altitude.  Remarkably  enough, 
considering  the  very  différent  pressure  and  dynamical 
conditions  compared  to  Mars,  the  Venus  ionosphère 
also  shows  no  F  région.  Information  about  the  ion 
composition  is  just  now  becoming  available  from 
observations  made  in  the  latest  U.S.  and  Russian 
missions.  Taken  together  with  data  obtained  in  the 
same  missions  on  the  composition  of  the  neutral 
atmosphère,  sufficient  material  will  be  available  for 
an  analysis  of  the  ion  chemistry  taking  account  of 
laboratory  data. 

A  remarkable  feature  of  the  ionosphère  of  Venus 
is  the  persistence  of  an  électron  concentration  which, 
at  the  maximum,  is  of  order  of  10'°  m~^  on  the 
night  side.  This  is  despite  the  fact  that  the  rotation 
period  of  the  planet  is  as  long  as  244.3  days.  Any 
explanation  must  clearly  dépend  in  some  form  or 
other  on  ionic  reactions. 

It  is  clear  that  there  will  be  demands  for  new  mea- 
surements  to  be  carried  out  in  the  laboratory  on 
reactions  which  have  only  become  important  in  the 
atmospheric  context  because  of  the  possibility  of 
extending  the  terrestrial  studies  to  other  planets. 
Thèse  demands  will  increase  and  embrace  even  more 


exotic  reactants  in  the  near  future  when  data  on  the 
composition  of  the  atmosphères  and  ionosphères  of 
the  outer  planets  become  available.  Already  électron 
concentration  profiles  of  the  Jovian  ionosphère  have 
been  obtained.  Saturn  is  well  within  range  as  is  also 
its  remarkable  satellite  Titan  which  certainly  possesses 
an  atmosphère.  In  addition  to  the  planets  many 
problems  arise  in  connexion  with  the  ionosphères  at 
the  cores  of  cornets  [Mendis  and  Ip,  1977].  The  posi- 
tion here  is  that  even  the  source  of  the  ionization  is 
not  known.  A  cometary  fly-by  is  likely  to  help  in 
resolving  such  questions  and  raising  others  about  the 
origin  of  the  constituent  positive  ions  which  will 
certainly  call  for  further  laboratory  studies  of  ionic 
reactions. 


The  lower  ionosphère  of  the  earth.  —  We  now 

consider  the  reactions  involved  in  the  région  of  the 
earth's  atmosphère  at  heights  below  100  km.  Although 
this  represents  only  a  lower  fringe  of  the  ionosphère 
it  is  of  considérable  importance  in  practice.  Thus, 
because  of  the  relatively  high  collision  frequency 
at  thèse  altitudes,  electromagnetic  waves  suffer  absorp- 
tion which  can  become  serious  for  radio  propagation 
if  the  électron  concentration  is  not  too  low.  In  fact 
the  concentration  is  subject  to  considérable  variations 
not  only  due  to  solar  flares  but  also  at  certain  periods 
during  the  year,  as  we  shall  see. 

It  is  also  of  interest  to  trace  out  the  downward 
prolongation  of  the  ionosphère  into  the  stratosphère 
and  below.  Thus  it  is  conceivable  that  some  ionic 
reactions  may  be  of  importance  in  the  chemistry  of 
minor  constituents  in  thèse  atmospheric  régions,  a 
subject  which  is  now  actively  studied  in  relation  to 
environmental  problems.  Again  it  may  well  be  that 
ions  form  the  nucleation  centres  for  the  noctilucent 
clouds  observed  in  middle  latitudes  in  the  région  of 
the  température  minimum  near  85  km. 

In  many  ways  the  problem  of  understanding  the 
ion  chemistry  of  the  atmosphère  below  100  km  is 
more  difficult  than  for  the  upper  atmosphère.  As 
the  pressure  increases  many  more  reactions  become 
possible  while  minor  neutral  constituents  such  as 
H2O,  NO,  metastable  O2  C^g)  molécules,  CO2, 
O3,  etc.,  play  important,  and  sometimes  major, 
rôles.  At  the  same  time  the  altitudes  are  too  low  for 
artificial  satellites  to  circulate  for  useful  times. 
However,  vertical  sounding  rockets  may  still  be 
used  to  provide  uniquely  valuable  data  albeit  dis 
continuously  and  at  a  much  slower  rate.  It  is  perhaps 
ironie  that  the  bugbear  of  early  expérimental  work 
on  ionic  mobilities,  cluster  formation  of  ions  with 
water  molécules,  is  a  matter  of  much  importance 
and  interest  at  altitudes  below  85  km.  This  has  led 
to  a  revival  of  the  study  of  ion  clustering  and  présents 
many  challenging  expérimental  problems. 

Below  70  km  account  must  be  taken  of  négative 
ions  which  at  higher  altitudes  are  quite  unimportant. 
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Figure  10  shows  the  icmperalure  distribution  in 
the  atmosphère  below  100  km  with  the  vanous 
régions  indicated.  The  température  minmium  near 
85  km  is  noteworthy. 
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Fig.  10.  —  Variation  of  the  température  wilh  altituc 
middie  and  lower  atmosphère,  in  equatorial  régions. 


Figure  11  shows  the  observations  made  by  Narcisi 
et  al.  (1971)  of  the  positive  ion  composition  at  alti- 
tudes below  90  km  usmg  a  mass  spectrometer.  Above 
85  km  the  main  ions,  of  mass  32  and  30  a.m.u., 
are  O2   and  respectively,  but  very  shortly 


below  85  km  ions  of  mass  19  and  37  a.m.u.,  as  well 
as  with  mass  55  a.m.u.,  become  dominant.  In  ail 
cases  thèse  ions  may  be  identified  as  hydrated  pro- 
tons H3O  +  ,  H30\H20  and  H30^2  H^O  respec- 
tively. 

Later  observations  have  confirmed  thèse  results 
and  indicate  that  even  heavier  clusters  may  be  présent. 
It  is  difficult  to  detect  thèse  because  the  last  water 
molécules  are  so  weakly  bound  as  to  be  lost  in  the 
sampling  process. 

As  mentioned  earlier,  négative  ions  predominate 
over  électrons  at  altitudes  below  70  km  but  analysis 
of  the  négative  ion  composition  with  rocket-borne 
equipment  is  very  difficult.  This  is  because,  in  flight, 
the  rocket  charges  up  negatively  with  respect  to  the 
ambient  atmosphère  so  that  the  problem  of  drawing 
in  négative  ions  in  a  non-selective  manner  for  sampling 
is  a  complicated  one.  However,  some  observations 
have  been  made.  Narcisi  et  al.  (1971,  1972)  found, 
in  particular,  among  the  dominant  species,  a  séries 
beginning  at  mass  80  a.m.u.  and  extending  up  to 
152  a.m.u.  in  stages  of  18  a.m.u.  Thèse  were  identified 
as  N03(H20)„  with  n  ranging  from  0  to  5.  Ions 
with  mass  60  and  76  were  probably  COJ  and  CO4 . 
Arnold  et  al.  (1971)  on  the  other  hand  observed  ions 
with  masses  1 1 1  ±  1  and  125  ±  1  as  the  most  abun- 
dant.  Thèse  were  identified  tentatively  as  CO4  (H20)2, 
or  NO2  (HNO2)  H2O,  and  N03-(HN03)  respectively. 
Unclustered  CO3-,  NO3-,  HCO3-,  O2  and  CP  were 
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Fig.  11.  — Ion  composition  in  the  terrestrial  atmospher 
altitudes  below  90  km  observed  by  Narcisi  et  al.  (1971)  i 
rocket  borne  instruments.  The  numbers  give  the  ion  mass  in  a. 
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also  observed  but  none  of  the  clustered  ions  observed 
by  Narcisi  et  al. 

Figure  12  shows  schematically  the  diflFerent  régions 
of  ionization  below  100  km  on  the  basis  of  rocket 
and  other  observations.  It  must  be  remembered  that 
this  diagram  as  well  as  most  of  the  remarks  above 
refer  to  the  undisturbed  région.  We  shall  conclude 
the  discussion  of  the  lower  ionosphère  with  some 
brief  description  of  the  disturbed  conditions  as  far 
as  they  are  concerned  with  ionic  reactions. 

Discussion  of  the  ion  chemistry  in  the  undisturbed 
lower  ionosphère  must  begin  by  considering  the 
source  of  the  ionization.  Solar  radiation  with  quantum 
energy  sufficient  to  ionize  the  main  atmospheric 
constituents  is  absorbed  above  90  km.  However  Ly 
a  radiation  with  a  quantum  energy  of  10.4  eV  can 
penetrate  through  an  absorption  window  down  to 
80  km  and  even  lower.  This  radiation  can  ionize  NO, 
which  while  a  minor  constituent  is  présent  in  sufficient 
concentration  to  provide  the  observed  NO"^  as  a 
primary  ion.  This  conclusion  has  been  derived  from 
rocket  measurements  of  the  NO  concentration  and 
the  solar  spectrum,  taken  together  with  laboratory 
measurement  of  the  recombination  rate  to  NO"*". 

The  source  of  the  O^  ions  is  less  obvions  but  it  is 
more  generally  ascribed  to  ionization  of  Oj  ('^g) 
metastable  molécules  by  radiation  in  the  wavelength 
range  between  102.7  and  111.8  nm. 

At  altitudes  below  70  km  most  of  the  ionization 
must  be  due  to  cosmic  radiation,  with  N2  and  O2 
as  the  primary  ions. 

Given  that  NO^  and  Oj  are  the  primary  ions  at 
the  altitude  where  hydronium  cluster  formation  first 
occurs  and  that  NO"^  is  produced  at  the  more  rapid 
rate  what  reactions  are  responsible  for  producing 
thèse  clusters  ? 

A  great  amount  of  laboratory  effort  has  been 
spent  in  the  past  few  years  in  measuring  rates  of 
cluster  formation  and  break-up.  There  seems  to  be 
no  difficulty  in  tracing  out  the  séquences  which  lead 
from  O2  to  the  hydronium  clusters  but  for  NO"*^ 
the  situation  is  still  not  clear.  In  considering  possible 
séquences  account  must  be  taken  of  the  rate  at  which 
cluster  ions  recombine.  Measurements  by  Lin  et  al. 
(1973)  of  dissociative  recombination  coefficients  to 
water  cluster  ions  show  that  values  as  high  as 

3  X  lO-'^m^s-' 

are  to  be  expected. 

For  formation  from  Oj,  Oj  .HjO  is  first  formed, 
either  through  the  three  body  reaction, 

O^^  +  H2O  +  M     O^M^O  +  M  ,  (28) 

or  through  the  séquence 

02"^  +  O2  +  M  ^  O;  +  M  .  (29a) 

O;  +  H2O     02^H20  +  O2  .  (29/)) 


Subsequently  the  O2.H2O  reacts  either  directly 
with  water  to  produce  W^O* 

O2  .H2O  +  H2O H3O+  +  OH  +  O2  ,  (30) 

or,  more  probably  as  judged  from  measured  reaction 
rates,  via 

02'^.H20  +  H2O  ^  H3O+.OH  +  O2  ,  (31) 
followed  by 

H30\OH  +  H2O ->  H30^H20  +  OH  .  (32) 

Further  three  body  reactions  with  H2O  then  produce 
higher  degrees  of  hydration. 

Measurements  of  reaction  rates  by  Fehsenfeld  et 
a/.  (1971)  and  Good  et  al.  (1970)  using  quite  différent 
techniques  indicate  that  thèse  reaction  séquences  are 
acceptable. 

With  NO"^  the  basic  difficulty  is  that  the  process 
analogous  to  (28) 

■  NO+  +  H2O  +  M  ^  NO^.HjO  +  M  ,  (33) 

which  could  initiate  the  séquence,  is  far  too  slow 
(Fehsenfeld  et  ai,  1971).  Alternative  suggestions 
involving  the  formation  of  intermediate  cluster  ions 
N0'^.N2  and/or  NO"^.C02  were  made  [Dunkin 
et  al.,  1971  ;  Heimerl  and  Vanderhoff,  1971  ;  Niles 
et  ai,  1972]. 

It  seems  likely  that  thèse  intermediates  do  play  a 
key  rôle  but  there  is  still  no  certainty  about  the 
relative  importance  of  the  différent  possibilities.  The 
séquence 

NO+  +  N2  +  N2  NO+.N2  +  N2  ,  (34a) 
NO+  .N2  +  H2O  ^  N0+  .H2O  +  N2  ,  (34è) 

does  not  seem  likely  because  of  the  high  rate  of  the 
backward  reaction  in  (34a),  N2  being  only  weakly 
bound  to  NO"*".  An  alternative  possibility  involves 
the  reaction 

NO^N2  +  CO2  ^  N0^C02  +  N2  ,  (35) 

followed  by 

NO  +  .CO2  +  H2O  ^  NO+.H2O  +  CO2  .  (36) 

A  still  further  possibility  involves  N0^.C02  alone 
viz  : 

N0+  +  CO2  +  N2  ^  NO+.CO2  +  N2  ,  (37fl) 

NO^C02  +  H2O  ^  N0\H20  +  CO2  .  (37è) 

The  measurement  of  reaction  rates  by  flowing 
afterglow  drift  tube  and  SIFT  methods  is  very  difficult 
because  of  the  low  binding  énergies  of  some  of  the 
complexes.  This  requires  that  a  sufficient  concen- 
tration of  a  highly  reactive  scavenger  is  présent  to 
react  totally  with  the  weakly  bound  complex  and 
produce  a  more  stable  détectable  ion  before  the 
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weakly  bound  complex  can  be  broken  up.  Values  ot 
the  rate  coefficient  for  (37«)  at  200  K  differ  by  a 
factor  of  ten.  The  most  récent  measurements  [Smith 
et  al.,  1977]  using  the  SIFT  method  and  paying 
spécial  attention  to  the  scavenging  technique  yield  a 
high  value.  If  this  is  correct  then  both  the  séquences 
(35),  (36)  and  (ila),  Qlb)  are  likely  to  be  significant 
in  producing  NO'^.HjO. 

Even  when  this  stage  is  reached  it  is  far  from  clear 
what  séries  of  reactions  leads  thence  to  hydrated 
protons. 

Until  thèse  complex  reaction  séquences  are  uns- 
crambled  it  is  not  possible  to  develop  a  detailed  ion 
chemistry  at  those  altitudes  for  which  cluster  ions  are 
dominant. 

Considérable  attention  has  also  been  paid  to 
determining  the  reaction  paths  followed  in  producing 
négative  ions  which  predominate  over  the  électrons 
below  70  km.  The  primary  ion  in  thèse  cases  is  almost 
certainly  O2  formed  by  the  three  body  reaction 


-0, 


-  e    o;  +  O2 


(38) 


A  séries  of  ionic  reactions  ultimately  leads  to  the 
production  of  NOJ  which,  because  of  the  high 
électron  affinity  of  NO3  [3.8  eV,  Refaey  and  Franklin, 
1974;  Ferguson  et  al,  1972],  is  the  terminal  ion. 
One  séquence  which  proceeds  via  O3  and  one  via  O4 
are  as  follows 


01  +  O3  -  O3-  +  O,  , 
OJ  +  CO2     CO3-  +  O2  , 
O3-  +  NO     NO3-  +  O  , 
CO3  +  NO     NO2  +  CO2  , 
NOJ  +  O3  -  NO3-  +  O2 

O2"  +02  +  02^  o;  +  O2 
o;  +  NO    NO3-  +  O2 , 

o;  +  CO2  -  CO4-  +  O2  . 
CO;  +  NO  ->  NO3  +  CO2 


(39) 


(40) 


The  rates  of  thèse  reactions  have  been  measured 
by  flowing  afterglow  techniques  [Massey,  1976]  and 
they  provide  at  least  plausible  reaction  paths.  How- 
ever,  the  further  stages  which  lead  to  hydration  are 
less  well  understood  and  progress  is  hindered  by  the 
paucity  of  in  situ  observations  of  the  négative  ion 
composition. 

In  the  région  in  which  négative  ions  predominate 
over  électrons  ionization  loss  is  by  mutual  neutra- 
lization.  A  number  of  measurements  of  mutual 
neutralization  rates  have  been  made  [see  for  example 
Church  and  Smith,  1977;  Smith  et  ai,  1976,  1977] 
using  the  flowing  afterglow  technique.  The  rate 
coefficient  is  not  sensitive  to  the  nature  of  the  reactant 
ions  being  close  to  5  x  10  m^  s  '  at  room  tempe- 
rature  for  both  clustered  and  unclustered  ions. 


l  urco  (1977)  has  considered  in  some  détail  the 
production  of  Cl  ions  in  the  lower  ionosphère  and 
finds  that  thèse  ions  are  likely  to  dépend  strongly  on 
the  local  concentrations  of  NO  and  H2O.  Under 
certain  conditions  they  may  well  constitute  as  much 
as  10  %  of  the  négative  ion  population.  This  is  consis- 
tent wïth  the  in  situ  observations  of  Arnold  et  al. 
(1971)  referred  to  earlier. 

Although  a  great  deal  of  work  has  been  donc  in 
measuring  rates  of  relevant  ionic  reactions  the  situa- 
tion is  so  complex  that  much  remains  to  be  donc 
before  the  ion  chemistry  is  thoroughly  understood. 

The  disturbed  lower  ionosphère.  —  At  the  time  of 
a  solar  flare  the  X-ray  émission  from  the  Sun  is 
enhanced,  especially  at  the  short  wave  end  of  the 
spectrum.  Thèse  hard  X-rays  penetrate  to  the  lower 
ionosphère  where  they  ionize  the  main  gases  Nj 
and  O2.  A  similar  increase  in  ionization  at  thèse 
levels  occurs  at  polar  latitudes  (Polar  Cap  Absorp- 
tion, PCA,  events)  when  the  flux  of  energetic  charged 
particles  entering  the  atmosphère  from  the  sun  is 
increased.  It  is  found  that  dunng  thèse  disturbances 
the  level  at  which  ion  clustering  becomes  important 
is  depressed  by  more  than  10  km  during  the  day  time. 

Mitra  (1975)  has  considered  how  the  ion  composi- 
tion changes  during  flares  and  PCA  events  in  terms 
of  ionic  reaction  rates  and  showed  that  the  réduction 
in  the  altitude  at  which  clustering  occurs  would  be 
expected  in  both  cases. 

The  same  feature  is  présent  during  the  so-called 
wmter  anomaly  [Appleton,  1937]  m  lonosphenc 
absorption  —  on  most  wmter  days  at  latitudes 
above  35°  the  h.f.  ionospheric  absorption  is  often 
larger  than  on  summer  days  at  midday.  Measurements 
from  rockets  have  shown  that  this  is  due  to  increased 
électron  concentration  in  the  height  range  80-90  km 
[Mechtly  and  Sharke,  1968;  Beynon  and  Williams, 
1970;  Dickinson  et  al,  1976].  Beynon  et  al.  (1976) 
have  found,  in  further  rocket  experiments,  that 
during  an  anomaly  day  the  concentration  of  N0+  is 
increased  relative  to  02^  so  that  it  is  by  far  the  most 
abundant  ion  above  72  km,  well  below  the  altitude 
at  which  ion  clusters  normally  dominate.  It  appears 
that  the  anomaly  is  due  to  increase  in  the  NO  concen- 
tration in  the  lower  ionosphère. 


Noctilucent  clouds.  —  The  highest  cloud  forma- 
tions observed  are  the  so  called  noctilucent  clouds 
which  are  visible  at  high  latitudes  for  a  few  months 
in  the  summer  near  twilight.  As  long  ago  as  1 888  Jesse 
showed  by  triangulation  that  thèse  clouds  are  located 
at  altitudes  close  to  85  km,  the  height  of  the  tempéra- 
ture minimum  in  the  mésosphère,  which  is  at  its 
lowest  in  the  summer  at  thèse  latitudes.  Recently, 
évidence  from  satellite  observations  [Donahue  al., 
1972]  suggests  that  the  noctilucent  cloud  displays 
are  a  nearly  permanent  fcaturc  at  high  latitudes  in 
summer. 
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Almost  ail  suggested  mechanisms  for  formation  of 
thèse  clouds  assume  the  présence  of  water  vapour 
and  suitable  condensation  nuclei  [Castleman,  1974]. 
The  possibility  that  thèse  nuclei  may  be  ions  rather 
than  dust  particles  was  raised  by  Witt  (1969).  Direct 
évidence  in  support  of  this  has  been  obtained  by 
Goldberg  and  Witt  (1977).  They  launched  rockets 
containing  identical  payloads  one  from  a  mid- 
latitude  station  (Wallops  Island,  Virginia)  and  one 
at  a  higher  latitude  (Kiruna,  Sweden),  in  the  day  time, 
foUowing  a  visual  sighting  of  noctilucent  clouds  the 
previous  midnight.  Each  payload  contained  a  qua- 
drupole  ion  mass  spectrometer,  a  probe  to  measure 
total  ion  density,  and  Faraday  rotation  experiments 
to  measure  électron  concentration. 

The  mid-latitude  launch  produced  data  on  positive 
ion  composition  of  the  normal  type,  consisting 
mainly  of  hydronium  cluster  ions  and  cluster  ions 
of  NO.  While  thèse  ions  were  also  observed  in  the 
high  latitude  launch  they  were  much  less  prominent 
than  heavy  ions  with  masses  between  90  and 


145a.m.u.,  observed  in  groups  ISa.m.u.  apart.  A 
plausible  identification  of  thèse  ions  is  that  they  are 
hydrates  of  Fe^  or  FeO"^  which  it  is  then  suggested 
provide  the  nuclei  for  the  noctilucent  cloud  forma- 
tion. 

Metallic  ions  arising  from  ablation  of  meteors 
are  observed  at  altitudes  in  this  région.  They  lead 
to  formation  of  so  called  sporadic  E  ionization. 

It  may  well  be  that  ion  clustering  is  indeed  of 
major  importance  in  the  formation  of  noctilucent 
clouds,  in  which  case  much  may  be  learned  about 
the  process  of  nucleation  from  laboratory  studies  of 
clustered  ions. 
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Plasma  and  solar  physics.  The  solar  flare  phenomenon 

.1.  Hcyvacits 

Obscrvaloiic  de  Pans-Meudon  and  Université  de  Paris  VII 

Résumé.  -  Les  principaux  aspects  de  la  physique  solaire  ayant  trait  à  la  physiqtje  des  plasmas  ^0"^^?^^^'^^^^^ 
présentés  Le  phénomène  d'éruption  solaire  est  décrit  et  certaines  théories  actuelles  concernant  1  état  pre-erupt. 
lTX.n^I^é.  déclenchement  passées  en  revue,  à  savoir  :  la  théone  de  l'existence  d  un  pomt  de  retournement 
dansTesTa  s  d'équilibre  possible  et  la  théone  basée  sur  l'analogie  avec  les  instabilités  rés.st.ves  ob-vees  dans  1^ 
Tokomaks.  La  microphysique  qui,  cro.t-on,  permet  le  confinement  turbulent  d  un  plasma  de  100  '"■ll'O"  de 
dans  le  plasma  coronal  est  évoquée,  et  on  montre  enfin  qu'une  turbulence  cyclotron  tonique  dans  la  -g-n  e  up^^^^^ 
possède  une  signature  assez  caractéristique  dans  les  abondances  isotopiques  et  états  de  charges  des  tons  accélères. 
Abstract  ~  The  main  topics  of  solar  physics  to  which  plasma  physics  is  relevant  are  briefly  presented.  The  solar 
?are  phenomenon  is  descnbed  and  some  présent  théories  concerning  the  preflare  state  and  «-^^".gg-^^-^J^^f  ' 
namely  the  theory  based  on  the  existence  of  a  tuming  pomt  in  the  set  of  possible  preflare  equilibr.a  and  the  theory 
baS  on  an  analogy  with  résistive  mstabil.ties  observed  in  Tokomaks.  The  microphysics  which  is  believed  to  be 
responsible  of  the  confinement  by  turbulent  processes  of  a  10«  K  plasma  m  the  coronal  plasma  is  evocated  and 
U  is  finally  shown  that  ion  cycloïron  turbulence  m  the  flanng  région  is  evidenced  by  a  characteristic  signature 
in  isotopic  abundances  and  charge  states  of  accelerated  ions. 


This  communication  is  intended  to  be  a  short 
survey  of  our  présent  state  of  knowledge  and  partial 
understanding  of  the  solar  flare  phenomenon. 

The  reader  may  not  be  very  familiar  with  solar 
physics,  and  so  I  shall  first  make  a  rapid  description 
of  the  sun  as  a  whole.  This  will  give  me  the  oppor- 
tunity  to  allude  to  some  plasma  physics  problems  of 
interest  far  solar  physicists  other  than  the  flare  pro- 
blem. 

The  sun  is  a  normal  typical  star,  that  is  a  self  gra- 
vitating  sphère  of  hot  plasma  which  sustains  its 
energy  output  by  the  nuclear  conversion  of  hydrogen 
into  hélium  in  an  interior  core,  very  hot  (15  10*^  K) 
and  very  dense  (1^0  g  cm"  ^  or  7  x  10"  cm"  3).  The 
plasma  there  is  a  strongly  coupled  plasma.  The 
largest  part  of  the  rest  of  the  sun  up  to  near  the  sur- 
face is  made  of  a  similar  type  of  plasma.  The  energy 
hberated  inside  is  radiatively  transferred  outwards, 
very  slowly  of  course  because  the  opacity  of  the 
solar  matter  is  very  large  there.  The  physics  of  energy 
transport  changes  somewhat  near  the  surface  because 
the  radiative  model  predicts  sharp  température  gra- 
dients there.  It  turns  out  that  in  this  model  the  opaque 
région  just  below  the  visible  surface  of  the  sun  should 
be  unstable  to  convective  motions,  or  in  other  terms 
the  gravity-wave  modes  become  purely  growing.  One 
gets  then  a  convective  superficial  layer  which  is 
certainly  turbulent. 

The  convection  manifests  itself  at  the  photosphère 
(the  visible  outer  layer  of  the  sun  in  ordinary  whitc 
light)  in  the  form  of  the  so-called  granulation.  The 
granulation  is  shown  in  figure  one.  Bright  régions 
represent  slightly  hotter  ascending  pièces  of  plasmas. 


Fig.  1.  -  The  solar  granulation.  The  size  of  each  granule  is 
typically  700  km. 


while  in  the  cooler,  darker  interstices  the  matter  is 
sinking  again  downwards.  Granules  are  small 
(700  km).  The  theory  of  convection  in  a  System  in 
which  a  strong  density  différence  exists  between  the 
top  and  the  bottom  and  where  magnetic  fields  exist 
and  are  even  perhaps  generated  is  not  at  ail  in  a 
satisfactory  state  now.  This  convective  flow  transport 
energy  to  an  overlying  static  radiatively  stable  thin 
layer  above,  which  is  what  is  properly  called  the 
sun's  atmosphère.  It  also  exists  there  a  number  of 
waves  which  propagate  upward  and  represent  an 
outgoing  flux  of  mechanical  energy. 

Superposed  to  the  granular  motion  one  has  been 
able  to  detect  another  type  of  cellular  motion  too, 
Ihc  supcrgranulation.  The  size  of  a  supergranulc  is 
much  larger  than  that  of  a  granule  (30  000  km)  and 
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its  life  time,  is  some  10  hrs.  The  supergranular  motion 
sweeps  the  magnetic  field  and  concentrâtes  it  on  the 
boundaries  of  the  cellules.  Figure  2  represents  an 
artist  view  of  granular  and  supergranular  motions. 
In  the  atmosphère  itself,  the  mean  température 
decreases  with  height  up  to  a  certain  point,  where 
it  reaches  4  300  K.  For  definiteness  we  shall  consider 
here  that  this  is  the  surface  of  the  interior  sun.  Above 
this  point  the  température  raises  again  as  a  resuit 
of  the  dissipation  of  the  mechanical  flux  of  energy 
driven  in  the  outer  atmosphère  by  the  convection 
zone.  The  theory  of  the  génération,  propagation  in  * 
the  outer  layers,  and  dissipation  of  waves  in  the 
solar  atmosphère  is  also  a  difficult  aspect  of  solar 
physics  which  will  not  be  our  point  today.  Ideally  it 
would  involve  a  theory  of  compressive  convection 
turbulence,  in  the  présence  of  a  magnetic  field,  of 
the  propagation  of  resulting  waves  in  a  strongly 
inhomogeneous  médium  and  its  ultimate  dissipation 
in  the  very  rarefied  médium  which  constitutes  the 
outer  layers  :  the  chromosphere  and  the  corona.  The 


Fig.  2.  —  A  schematic  drawing  of  granular  and  super  granular 
motions  and  solar  magnetic  fields. 

chromosphere  above  the  surface  is  a  tenuous  médium 
(density  10' '-lO'^  cm"^)  at  a  température  of  10*  K. 
It  cannot  be  seen  in  full  light  in  normal  non  éclipse, 
conditions,  but  may  easily  be  photographed  at 
wavelengthes  of  lines  which  form  in  thèse  régions,  in 
particular  the  Hi  line  of  hydrogen  and  a  violet  line 
of  ionized  calcium  {K  hne).  Figure  3  is  a  picture  of 
the  sun  in  this  latter  radiation.  The  granular  aspect 
is  the  chromospheric  counter  part  of  the  supergra- 


nulation pattern  and  bright  patches  are  régions  of 
enhanced  magnetic  field.  The  magnetic  field  dominâtes 
the  higher  chromosphere  as  can  be  seen  on  Ha.  photo- 
graphs  which  show  a  hairy  structure  of  magnetic  field 
lines. 

The  chromosphere  is  in  contact  on  its  upper  boun- 
dary  with  the  corona,  an  even  more  tenuous  médium 
(10^  cm"^)  also  heated  by  the  mechanical  energy 
flux,  it  is  thought.  though  this  is  far  less  évident  than 
for  the  chromosphere.  The  température  of  the  corona 
is  between  1  and  several  million  degrees.  The  contact 
between  thèse  two  régions  is  characterized  by  very 
strong  température  gradient.  It  is  called  the  transition 
région.  The  corona  is  perhaps  an  even  more  structured 
région  than  the  chromosphere,  as  you  can  see  on  the 
ecclipse  photograph  shown  in  figure  4. 


Fig.  4.  —  The  solar  corona  as  seen  m  white  light  éclipse 
photograph. 

Active  régions  appear  as  concentration  of  magnetic 
flux  around  spécial  régions,  the  sunspots,  like  the 
ones  shown  in  the  picture  (Fig.  5).  In  thèse  spots, 
the  average  field  may  range  from  500  to  several 
1  000  G,  and  the  extension  of  the  spot  in  the  nearby 
région,  the  penumbra,  shows  that  one  could  conceive 
the  spot  as  a  bundle  of  magnetic  fibers.  I  shall  leave 
apart  also  in  this  bnef  survey  the  extremely  interesting 
and  difficult  problem  related  to  the  dynamo  action 
of  the  photosphère  and  the  création  of  the  sun's 
magnetic  field.  It  is  quite  probable  of  course  that  the 
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)rigin  ofthis  field  is  inlimalely  related  to  the  convec- 
ive  motions  rather  deep  in  the  sun,  as  evidenced  in 
he  tact  that  fields  are  patterned  by  the  supergranular 
notions,  and  in  the  fact  that  spots  grow  at  corners 
)f  supergranules.  Active  région  flux  concentrations 
îxert  a  strong  influence  on  the  neighbouring  corona 
ivhich  we  can  now  see  even  against  the  disk  by  soft 
K  ray  imaging.  The  thermal  radiation  of  the  hot 
:orona  is  detected  by  this  instrumentation,  and  the 
foUowing  picture  (Fig.  6)  shows  essentially  map  of 
the  corona  which  is  sensible  to  both  density  and 
températures.  It  is  seen  that  the  corona  is  threaded 
by  a  System  of  loops  of  ail  sizes,  presumably  underlying 
the  magnetic  structure.  We  have  also  observed  «  holes  » 
which  are  régions  of  open  magnetic  fields,  with 
lower  densities  or  températures,  and  which  must  be 


A  more  dramatic  energy  release  event  is  the  solar 
flare  which  instead  of  being  a  very  local  energy 
release  in  a  rather  quiet  environment  occurs  in  an 
active  région.  Obviously  the  energetics  of  a  solar  flare 
cannot  be  accounted  for  only  on  the  basis  of  the 
energy  of  the  emerging  magnetic  field.  The  event 
releases  some  10^'  ergs  in  some  100  to  1  000  s  depend- 
ing  on  the  importance  of  the  event.  An  //a  photograph 
of  a  flare  at  its  fuU  development  is  shown  in  figure  8. 


Fig.  6.  —  X  ray  picture  ofthe  solar  corona. 

considered  as  the  source  of  the  solar  wind.  Magnetic 
flux  in  the  form  of  flux  tubes  émerge  in  the  outer 
atmosphère,  presumably  because  of  buoyancy  forces 
exerted  on  them  on  the  photosphère,  in  which  they 
are  also  at  smaller  pressure,  but  at  equal  température 
because  of  the  effectiveness  of  radiative  energy 
transport.  They  are  then  lighter  and  suffer  vertical 
buoyant  forces.  When  popping  up  in  the  atmosphère 
they  create  short  lived  X  ray  bright  point,  which 
are  seen  on  figure  7,  by  their  interaction  with  the 
ambient  fields,  or  perhaps  by  their  own  internai 
dynamics. 


pig  8  _  A  fully  developed  two  ribbon  solar  flare  as  it  appears 
,n  m  light  (left)  and  in  white  Hght  (nght).  The  fact  that  white 
light  émission  is  détectable  is  rare  and  characteristic  of  very  large 
events  only. 


Fig.  7.—  Négative  of  an  X  ray  picture  ofthe  solar  corona  showing 
X  ray  brighl  points  (biack  dots). 


We  can  sketch  the  observable  manifestations  of  a 
flare  as  foUows  : 

1)  The  phenomenon  occurs  always  very  chose  to 
a  line  where  the  photosphenc  magnetic  polarity 
reverses,  let  us  call  this  the  inversion  line,  in  an  active 
région  or  very  near. 

2)  The  phenomenon  proper  is  preceded  by  a 
preflare  phase  during  which  the  energy  to  be  liberated 
into  radiated  forms  is  stored  in  the  région.  This 
build  up  phase  does  not  need  to  last  more  than  some 
hours. 

3)  An  active  région  filament  is  often  présent, 
which  maps  almost  exactly  the  inversion  line.  Pro- 
minences,  or  filaments  (Fig.  9)  are  an  important 
object  of  the  solar  corona  which  I  have  not  yet  had 
the  opportunity  to  describe.  It  is  so  to  speak  cloud 
like  matter  at  chronospheric  conditions  hanging  up 
high  in  the  corona  and  certainly  prevented  from  just 
free  falling  by  Lorentz  forces.  Filaments  may  exist 
outside  active  régions  hanging  at  heightes  of  40  000  km 
above  the  surface  (they  are  called  quiescent  promi- 
nences)  as  well  as  inside  active  régions  ;  in  the  latter 
case  their  height  does  not  exceed  some  7  000  km. 
The  object  has  the  form  of  a  thin  thing  hanging  verti- 
cally  over  a  height  much  larger  than  the  scale  height 
of  a  10*  K  plasma  (which  would  be  very  small).  This 
means  that  the  filament  must  be  supported  at  each 
point  in  its  body  by  Lorentz  forces  if  it  is  a  structure 
in  magnetohydrostatic  equilibrium  which  it  seems 
to  be.  No  really  satisfactory  model  of  filament  equi- 
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b) 

Fig.  9.  —  a)  A  flare  is  shown  here  together  with  several  active 
région  filaments  (dark  ribbons)  (Hoi  photograph).  h)  A  quiescent 
prominence  is  shown  here  suffering  an  upward  motion,  and  will 
soon  disappear  (upper  left).  This  is  a  coronograph  H-x  photograph 
in  which  the  bright  sun  is  artificialiy  hidden. 

librium  and  energy  balance  exist  at  présent,  though 
on  a  global  scale  the  problem  may  be  looked  at  as  a 
2D  MHD  equilibrium  problem  which  I  shall  des- 
cribe  below.  It  has  been  established  at  Meudon 
Observatory  (Martes  et  al.)  by  a  confrontation  of 
magnetic  map  and  velocity  map  that  the  flare  are 
most  likely  to  occur  in  cases  when  a  shear  flow  exist 
on  the  photosphère  in  the  vicinity  of  the  magnetic 
inversion  line.  This  has  been  interpreted  as  a  neces- 
sary  condition  for  energy  storage,  and  this  idea  has 
been  substantially  supported  by  an  approximate 
calculation  of  the  amount  of  magnetic  energy  stored 
in  the  corona  as  a  resuit  of  current  driven  there 
(Tanaka.  Nakagawa)  by  the  déplacement  of  the  feet. 
of  field  Unes  which  are  obliged  to  foUow  the  photo- 
spheric  motions,  the  latter  being  an  energy  réservoir 
of  the  process.  The  magnetic  field  in  the  corona 
which  is  unobservable  directly,  had  been  extrapolated 
from  photospheric  data  on  the  basis  of  a  constant  y. 
{x  =  3/5)  force  free  approximation.  The  value  of  a 
has  been  chosen  to  match  the  gênerai  direction  of 
field  lines,  as  observed  from  the  Hx  pictures.  It  has 
been  shown  that  the  stored  magnetic  energy  calculated 


that  way  increased  steadily  up  to  the  moment  of  the 
flare,  but  was  smaller  just  after.  Moreover,  the 
quantitative  value  of  this  decrease  was  found  to  be 
compatible  with  the  sum  of  the  observed  émissions 
produced  by  the  flare  in  various  forms  (light,  X  rays, 
EUV,  energetic  particles,  mass  motions).  Solar  phy- 
sicists,  are  then  quite  confident  that  the  liberated 
energy  was  actually  stored  in  the  form  of  magnetic 
energy  in  a  coronal  current  System.  Because  the  p 
of  the  coronal  plasma  is  low,  the  magnetic  structure 
is  very  likely  to  be  force  free,  except  perhaps  in  the 
vicinity  of  possibly  existing  current  sheets,  or  in  the 
filament  which  is  so  often  found  to  underline  the  line 
of  inversion  of  the  magnetic  polarity  and,  as  we  just 
noted,  must  be  sustained  by  Lorentz  forces. 

The  flare  itself  begins  abruptly  by  an  impulsive 
phase  which  may  be  a  short  as  several  seconds.  At 
that  time  the  most  conspicuous  phenomenon  is  the 
émission  of  a  spiky  burst  of  hard  X  rays,  in  the 
energy  band  between,  say,  20  keV  and  100  keV,  radio 
émission  of  cm  and  m  wavelengths  are  also  observed. 
Almost  simultaneously  bright  small  régions  (flare 
knots)  appear  in,  the  chromosphere  as  seen,  in  parti- 
cular,  in  the  Hx  line.  This  illumination  is  due  to  energy 
precipitating  in  or  conduced  to  the  photosphère.  It 
will  subsequently  broaden  on  time  scale  of  several 
minutes.  This  is  the  flash  phase.  In  flares  of  some 
importance  the  illumination  takes  the  form  of  two 
parallel  ribbons  (Fig.  8)  and  it  has  been  shown  recently, 
thanks  to  soft  X  ray  observations  that  thèse  ribbons 
are  bridged  by  soft  X  ray  emitting  loops.  In  large 
event  a  typical  radio  émission  at  meter  wavelength 
occurs,  which  is  the  signature  of  a  shock  wave.  The 
System  of  hot  loops  and  bright  //a  ribbons  then 
persist  for  some  time,  typically  one  hour,  while  the 
ribbons  séparation  systematically  and  slowly  increases. 
At  a  late  stage  of  the  process  thèse  loops  become  pro- 
gressively  cooler  and,  become  eventually  visible  in 
Ha.  as  a  System  of  so-called  post  flare  loops,  such  as 
shown  here  on  the  limb  Hy.  picture  (Fig.  10). 

In  a  small  number  of  cases,  one  has  observed  a 
gamma  ray  émission.  Actually  the  y  ray  émission  is 


Fig.  10.  —  Post  flare  loops.  H%  picture  taken  near  the  Hmb  of 
the  sun. 
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associated  wilh  very  large  evenl  only  and  a  suitable 
detailed  spectrum  has  been  observed  in  only  one 
case  ;  the  observed  spectrum  consists  of  a  continuum 
émission,  which  can  be  explained  by  bremsstrahlung 
from  high  energy  électrons,  and  a  few  number  of 
Unes.  The  high  intensity  line  at  2.2  MeV  results  from 
neutron  capture  by  protons  to  give  deuterium  nuclei. 
In  some  flares  expanding  mass  motions  are  observed 
high  in  the  corona,  in  white  light  photographs  (coro- 
nal  transcients),  though  such  motions  are  also  often 
associated  with  non  flaring  events.  Long  after  the 
flare  (due  to  propagation  conditions  in  the  inter- 
planetary  space),  high  energy  électrons  are  observed 
on  space  crafts  as  well  as  energetic  protons  and  cosmic 
ray  nuclei. 

The  problems  posed  to  the  theorist  can  then  be 
stated  as  follows  : 

1)  To  understand  the  preflare  stable  configuration 
and  the  reason  of  its  destabilization  or  at  least  its 
évolution  prior  to  flare. 

2)  To  pin  point  the  mechanism  which  gives  rise 
to  the  impulsive  libération  of  energy. 

3)  To  understand  why  this  energy  is  so  distributed 
in  the  varions  observable  forms,  in  particular,  how 
the  25-100  keV  électrons  which  are  responsible  of 
the  impulsive  manifestations  durmg  the  very  first 
seconds  are  accelerated. 

4)  To  modelize  the  main  phase  continuous  dissi- 
pation process. 

5)  To  explain  the  accélération  of  higher  energy 
électrons  (1  MeV  to  10  MeV)  and  of  high  energy 
protons  and  nuclei  (10-100  MeV,  sometimes  more). 

It  is  impossible  to  review  in  détail  ail  thèse  aspects  ; 
therefore  we  shall  consider  some  interesting  or  better 
observed  aspects  and  in  particular  problems  related 
to  build  up  and  impulsive  phase  triggering.  As  I 
explained  a  bit  earlier,  the  magnetic  configuration  in 
the  preflare  state  is  a  current  carrying  plasma.  Some 
authors  have  a  long  time  advocated  that  the  electric 
currents  in  the  corona  should  form  a  large  current 
sheet,  and  the  flare  would  be  due  to  an  impulsive 
dynamic  reconnection  process  in  this  sheet  (Syro- 
vatskii).  It  is  difficult  however  to  conceive  how  such 
a  sheet  current  system  could  grow  to  such  a  large 
extent  as  to  contain  the  energy  for  the  flare  without 
tearing  quite  early  of  suff"ering  the  interchange 
instability  (Uchida,  Sakurai).  If  current  concentra- 
tions in  a  sheet-like  structure  occur  at  ail,  one  now 
thinks  that  they  would  appear  on  a  more  local  scale. 
Probably  more  likely  is  the  idea  that  the  current 
System  is  just  almost  everywhere  présent  in  the  flare 
région.  We  can  then  have  two  difi"erent  looks  at  it  : 
one  can  consider  its  global  arrangement,  which  I 
think  is  the  relevant  way  to  analyse  it  as  far  as  magnetic 
storage  and  global  stability  is  concerned,  while  the 
other  way  is  to  look  at  its  more  detailed  local  confi- 
guration, and  fine  structure  a  point  of  view  which  is 


on  the  other  hand  of  primary  importance  if  one  is 
interested  in  flare  triggering. 

A  suitable  analysis  of  the  first  problem  can  be 
done  by  taking  advantage  of  the  fact  that,  as  suggested 
by  the  two  ribbon  structure  observed  in  many  flares 
and  the  elongated  form  of  the  filament,  a  2D  approxi- 
mation to  the  global  magnetic  structure,  ignoring 
variation  of  quantities  in  the  direction  parallel  to  the 
line  of  inversion  of  the  magnetic  polarity  would  not 
be  too  bad  an  approximation.  In  that  case  the  magnetic 
configuration  is  well  defined  by  the  z  component  of 
the  magnetic  field,  B  say,  and  the  z  component  of 
the  vector  potential,  A  say.  Both  thèse  quantities 
are  functions  of  x  and  y.  One  can  write  the  magnetic 
field  as  : 

„  dA      ,  „ 

ôy         dx  ' 
In  that  case  Aix,y)  =  constant  represents  the  pro- 
jection on  the  xy  plane  of  lines  of  forces 

^i^\dy      dx  >  ; 

One  can  easily  show  that  the  force  balance  équation  : 
']  aB  =  \p  +  pge, 

and  the  2D  translational  symmetry,  imply  that  the  z 
component  of  the  Lorentz  force  vanish,  which  (look 
at  his  expression)  mean  that  B  is  constant  along  a 
line  of  force,  or  : 

5(x,  V)  =  B(A{x,y))  =  B{A). 

The  pressure  p,  which  is  a  priori  a  function  of  {x,  y) 
can  be  looked  at  as  a  function  of  altitude  y  and  line 
of  force  parameter  A  : 

p{x,y)  =  p{A{x,y),y)  =  p{A,y) . 

With  this  in  mind,  we  can  write  the  x  and  y  component 
of  force  balance  as  an  hydrostatic  équation  of  equili- 
brium  : 

^2p  =  -  £  P 
dy         'M  T{A,y) 

which  expresses  equilibrium  along  a  line  of  force, 
and  we  obtain  also,  on  the  other  hand,  an  équation 
for  the  shape  of  lines  of  forces  : 

The  équation  for  the  pressure  can  be  integrated  only 
if  we  know  the  température  distribution  along  the 
line  of  force.  The  latter,  especially  if  a  prominence  is 
involved  in  the  magnetohydrostatic  equilibrium  of 
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interest  can  only  be  obtained  as  a  resuit  of  a  very 
complicated  energy  balance  which  is  self  consistently 
coupled  to  the  magnetohydrostatics  problem  that  we 
try  to  solve  by  means  of  such  effect  as  the  pattern  of 
mechanical  energy  flow  in  the  structure,  heat  conduc- 
tion. Up  to  now  studies  of  prominence  equilibrium 
have  only  used  crude  approximations  like 
T  =  constant  (!)  and  the  existence  of  field  along  the 
direction  of  symmetry  has  largely  be  ignored  though 
observations  definitely  show  that  it  is  présent  and 
large. 

Another  interesting  approximation  is  to  take  ad- . 
vantage  of  the  fact  that  the  fi  of  the  plasma  is  small, 
and  to  solve  for  the  force  free  case,  the  équation  : 

where  now  5.  is  non  zéro. 

We  need  however  to  prescribe  B^{A  )  for  this  non 
linear  elliptic  équation  to  be  written  in  closed  form. 
This  function,  at  least  for  those  values  of  A  taken 
on  the  boundary,  in  that  case  the  X  axis,  may  be 
prescribed  once  one  knows  the  displacement  of  the 
footpoints  of  line  A{x,y)  =  a  one  with  respect  to 
the  other.  The  relevant  relation  is 

It  seems  perfectly  justified  to  assume  that  the  energy 
build  up  proceeds  through  a  séries  of  equilibria.  In 
full,  the  problem  is  to  solve  the  coupled  set  of  équa- 
tions above  for  a  séries  of  time  dépendent  functions 
1{A,  t)  where  /  would  enter  as  a  mere  parameter. 
This  programm  has  not  yet  been  completed  because 
of  the  intricate  relation  between  B{A),  1{A)  and 
A{x,y).  Authors  have  preferred  to  take  a  look  at  a 
schematization  of  this  problem  in  which  we  skip 
the  relation  which  relates  B{a)  and  l(a)  and  consider 
that  the  function  (p{A,  t)  is  given  be  : 

cpiA,t)  =  mf{A) 

(Low,  Jockers,  Birn  et  al.,  Heyvaerts  et  ai),  where 
the  stretching  parameter  À{t)  varies  from  0  (potential 
configuration)  to  progressively  larger  values  of  À. 
One  can  show  that,  stating  the  problem  in  this  form 
amount  to  prescribe  the  vertical  current  driven  by 
the  boundary  (the  photosphère  or  here  the  X  axis) 
into  the  domain  of  study. 

The  corresponding  shear  l{a)  can  be  deduced 
afterwards  if  one  wishes,  but  due  to  the  crude  simpli- 
fications exerted  before,  it  has  no  reason  to  be  a 
monotonous  function  of  ?.  nor  to  be  regular,  as  one 
could  have  wished.  Nevertheless  some  gênerai  inte- 
resting results  can  be  obtained.  We  have  been  able 
(Heyvaerts  et  al.,  1978)  to  prove  mathematically  the 
following  results  for  the  solution  of  : 

-  AA  =  Âf  {A  ) 


in  (IR  X  1R  +  )  with  boundary  conditions  A{x,  0)  =  g{x) 
on  the  X  axis,  subject  to  the  reasonable  conditions 
that  F(A  )  be  regular  and  finite,  vanishes  except 
for  A  in  a  certain  bounded  interval,  and  vanishes 
sufficiently  rapidly  near  A  =  0  which  is  the  boundary 
value  A{±  œ,  0).  The  semi  infinité  character  of  the 
domain  mathematically  acts  as  a  singularity  of  the 
operator.  It  seems  to  be  a  feature  of  essential  signi- 
ficance. 

1)  The  potential  configuration  found  for  À  =  0 
can  be  followed  by  continuity  up  to  some  finite 
value  À*  of  the  stretching  parameter. 

2)  Whatever  À  be,  however,  there  exist  at  least 
one  solution  with  an  asymptotically  open  topology. 
This  is  schematically  shown  in  figure  11. 


Fig.  11.  —  Schematic  properties  of  the  2  dimension  MHD  equili- 
bria obtained  by  growing  the  current  delivered  by  the  boundary  in 
proportion  to  ,Jl  (see  text). 


The  catastrophy  behaviour  of  the  potential  like 
solution  had  been  recognized  earlier  for  spécial  cases 
either  by  solving  analytically  for  one  case  (Low. 
Birn  et  aT.),  either  from  semi  qualitative  argument 
and  numerical  study  of  spécial  cases  (Jockers).  The 
universality  of  this  behaviour  is  now  established  as 
well  as  the  existence  of  an  open  topology  solution,  a 
new  resuit,  which  had  been  suspected  from  earlier 
work,  by  Barnes  and  Sturrock. 

The  idéal  MHD  stability  of  the  lower  branch 
solution  against  3D  perturbations  has  been  esta- 
blished in  full  generality  (Birn,  1978)  as  well  as  partial 
results  concerning  dissipative  stability. 

Nothing  gênerai  is  known  concerning  other  (inter- 
mediate  solutions)  which  may  well  exist.  Work  is  in 
progress  on  this  question. 

It  does  not  seem  impossible  at  ail  that  the  structure 
could  be  driven  by  continuons  stretching  to  the 
catastrophy  point  where  a  dynamical  évolution  will 
necessarily  take  place,  due  to  the  lack  of  neighbouring 
equilibrium.  A  conjecture  is  that  the  structure  would 
be  blown  open  towards  the  «  top  »  open  solution  ; 
if  a  filament  is  involved  in  the  structure  this  would 
appear  as  a  sudden  disappearance  as  often  observed. 
Another  conjecture  would  be  that  it  jump  on  some 
intermediary  equilibrium  state,  involving  a  change 
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of  topology  which  could  be  achieved  only  Ihrough 
a  dissipalive  process.  As  a  phenomenological  model 
some  authors  (Kopp  et  al.)  propose  that  the  trigger 
of  the  flare  be  actually  the  MHD  blowing  up  of  the 
global  magnetic  configuration,  which  later  will 
rcconnect  to  a  nomial,  that  is  to  a  closed  topology, 
type  of  configuration  only  then  giving  rise  to  dissi- 
pative  phenomena,  partiale  accélération... 

Although  this  might  sometimes  be  so,  observations 
also  indicate  that  in  some  instances  the  flare  is  trig- 
gered  by  the  émergence  of  small  régions  of  some 
polarity  imbedded  into  larger  régions  of  the  opposite 
polarity.  Besides  it  is  known  from  X  ray  observations 
that  the  very  first  soft  X  ray  brightenmgs  sometimes 
occur  in  tiny  compact  structures  which  look  like 
loops.  The  problem  of  finding  a  local  trigger  mecha- 
nism  and  a  way  of  spreading  the  dissipative  process 
to  the  rest  of  the  structure  then  arises  for  explaining 
thèse  events.  The  main  requirement  is  to  get  a  very 
impulsive  process,  working  on  a  time  scale  of  a  few 
seconds  and  able  to  produce  the  hard  X  ray  émission 
which  we  observe,  the  latter  is  the  hard  X  ray  émission 
which  we  observe.  The  latter  is  the  signature  of  the 
présence  of  fast  électrons  in  the  100  keV  range  in 
the  flaring  région.  The  number  of  électrons  needed 
to  give  rise  to  the  observed  radiation  dépends  however 
to  some  extent  on  the  conditions  of  production  of 
thèse  X  rays,  a  problem  on  which  we  come  back 
soon.  Some  models  have  now  been  examined  with 
some  détail  in  the  littérature,  though  it  has  not  yet 
been  possible,  by  far.  to  reach  a  detînite  conclusion. 
A  large  number  of  them  have  dealt  with  the  possi- 
bihty  of  reaching  a  state  of  microturbulence  in  the 
current  carrying  System,  or  reaching  high  values  of 
the  electric  field,  of  the  order  of  the  Dreicer  field 
(Coppi  Friedland,  Heyvaerts  and  Priest,  Heyvaerts 
and  Kuperus).  Ail  thèse  models  as  well  as  the  double 
layer  model  proposed  by  Alfvén  face  the  same  diffï- 
culty  :  it  is  extremely  difficult  to  find  oneself  in  condi- 
tions such  that  the  necessary  thresholds  be  reached. 
Reaching  the  Buneman  threshold  in  a  plasma  with 
n  =  10^^  cm'^  and  T  =  10^  K  implies  a  current 
density  of  64  000  A  m' ^  which  corresponds  to  a 
fîeld  gradient  of  1000  G  m  '.  Sheet  like  current 
concentrations  or  extrême  degrees  of  the  filamenta- 
tion  would  then  be  required.  Observations  neverthe- 
less,  as  we  shall  see  later  point  to  extrême  current 
densities  !.  I  cannot  enter  here  into  the  détails  of 
spécifie  mechanisms  which  have  been  imagined  to 
achieve  this  situation.  In  brief,  I  would  summarize 
that  switching  the  resistivity  régime  in  a  current 
sheet,  reconnecting  or  not,  to  a  microturbulent 
State  is  feasible  in  spécial  conditions  (Heyvaerts, 
Priest,  Tur  and  Priest).  A  flare  model  based  on  the 
idea  that  the  primary  energy  release  is  due  to  such  a 
transition  has  been  proposed.  It  has  been  shown  that 
a  small  number  of  particles  can  be  accelerated  as  a 
resuit  of  the  sudden  energy  conversion  that  resuit 
from  this  change  of  resistivity  régime.  Another  idea 


is  that  the  very  primary  release  of  energy  be  not  due 
to  micro-instabilities  but  instcad  to  the  rapid  deve- 
lopment  of  a  tearing  instability  in  some  suitable 
structure  of  the  région,  for  example  a  single  current- 
carrying  loop.  The  situation  actually  realized  cannot 
be  inferred  from  the  observations  because  thèse 
structures  should  be  at  the  limit  or  even  smaller 
than  the  resolution  of  télescopes  and  magnetographs. 

The  tearing  instability  in  a  loop  can  only  be  a 
viable  theory  if  the  structure  can  be  maintained 
stable  prior  to  the  impulsive  phase  while  still  con- 
taining  an  adéquate  amount  of  free  energy.  It  should 
also  be  proved  that  the  release  time  scale,  once 
instability  has  started  can  be  short  enough.  Concern- 
ing  the  first  point,  Spicer  (1976)  has  established  that 
this  requirement  implies  that  a  compact  low  lying 
loop  must  be  considered. 

The  time  scale  requirement  if  we  take  as  a  typical 
growth  time  the  geometrical  mean  of  Alfvén  and 
résistive  time  scale  : 

T  =  y/^A^R 

has  been  long  considered  to  be  a  fairly  severe 
constraint.  First  estimations  led  Spicer  to  conclude 
that  the  mechanism  was  only  viable  if  the  structure 
contained  rather  concentrated  current  sheets  with  a 
thickness  of  some  80  m  only.  Moreover,  it  was 
known  some  tearing  modes  appear  to  reduce  their 
growth  at  rather  low  levels.  However,  here,  we  should 
keep  in  mind  several  aspects  of  the  question,  in 
particular  the  fact  that  growth  rates  tend  to  be  larger 
than  those  applicable  to  a  plane  sheet  when  other  geo- 
metries  are  considered,  that  some  types  of  tearing 
modes  continue  to  exponentiate  during  their  non 
linear  development,  and  that  the  dépendance  of  the 
growth  rate  on  the  parameter  5,  which  may  be  very 
large,  may  diff"er  substantially  from  the  (t^  Tr)^'^ 
formula.  To  get  an  idea  of  the  importance  of  thèse 
effects  let  us  consider  the  growth  time  for  three  dif- 
férent cases  of  tearing  modes  ;  according  to  respecti- 
vely  : 

and  the  extrême  cases  of  slow  tearing  modes 

_  -3/5  _2/5   _  .  C-2/5 
T.lowtearing  -  " 

and  of  a  very  fast,  m  =  1,  double  tearing  mode, 
which  according  to  Spicer  (1978)  has  a  growth  time  : 

^  .,1/4     3/4  ^  C-3/4 
^DTM        ^R      '■A  ^R  ^ 

For  parameters  appropriate  to  our  problem,  we  have 
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Let  US  consider  a  standard  case  B  =  100  G, 
r  =  10^  K,  N  =  10'^  m"^  but  two  différent  scales 
for  the  current  carrying  région,  a  =  1 0  km  and 
a  =  100  km. 

a  =  10  km  a  =  100  km 

t«  10«s  10'°  s 

t  lO^-^^s  10^  "  s 


It  is  seen  that,  whereas  the  slow  types  of  tearing 
modes  are,  even  with  thèse  rather  small  characteristic 
sizes,  far  too  slow  as  compared  to  the  impulsive 
phase  characteristic  times,  a  considérable  factor  can 
be  gainted  if  so  called  fast  tearing  modes  are  involved, 
and  that  non  linear  saturation  may  not  be  a  serious 
limitation.  It  remains  of  course  to  justify  that  one  is 
really  in  that  situation.  Refering  to  a  numerical 
calculation  by  Schnack  and  Killeen,  Spicer  (1978) 
argues  that  a  bit  less  than  5  %  of  the  total  magnetic 
energy  may  be  released  in  14  Alfven  travel  times  in 
the  form  of  heat,  which  of  course  represents  a  fairly 
high  rate  of  energy  release,  in  the  case  of  double 
tearing  modes  and  that  this  could  rapidly  raise  the 
plasma  to  a  very  high  température,  given  approximati- 
vely  ignoring  any  losses  by  say 

nkT  =  0.9  X  5/100  x  B^jl  . 

This  allows  to  reach  2  x  10'  K  for  100  G,  or 
2  X  10^  K  for  a  release  in  1  000  G  field.  In  the  latter 
case  the  mean  energy  per  particle  is  high  enough  to  be 
of  the  order  of  what  is  required  to  produce  the  hard  X 
rays  thermally.  One  diflficulty  in  the  présent  state  of  this 
theory  is  of  course  that  one  does  not  really  understand 
yet  why  the  structure  should  wait  finding  itself  in 
such  a  very  unstable  state  before  it  starts  to  tear. 
Moreover,  though  the  sheet  thickness  implied  is  by 
far  not  as  small  as  the  ones  implied  by  the  micro- 
instability  phenomena  it  is  still  quite  smaller  than 
the  typical  size  of  the  cross  section  of  such  a  loop, 
which  may  be  estimated  to  some  thousand  kilo- 
meters,  so  that  a  spécifie  theory  is  also  required  to 
explain  how  such  current  concentrations  may  arise. 
An  analysis  of  thermal  instabilities  applicable  to  a 
coronal  plasma  heated  by  a  mechanical  energy  flux, 
as  well  as  by  Joule  heating  and  which  cools  by  radiation 
and  conduction  has  been  made  in  the  littérature 
(Heyvaerts,  1974;  Spicer,  1976).  A  linear  analysis 
indicates  that  currents  could  be  concentrated  as  a 
resuit  of  what  is  essentially  an  overheating  instability 
in  certain  conditions  of  initial  température.  However, 
the  growth  times  are  fairly  long,  of  the  order  of  several 
hours.  This  is  barely  compatible  with  the  preflare 
time  scale  but  this  rate  may  be  larger  if  an  even  modest 
factor  of  enhancement  of  the  resistivity  can  be  explain- 
ed,  or  perhaps  does  this  rate  accélérâtes  in  the  non 
linear  stage.  The  degree  to  which  currents  can  becomc 
concentrated  is  not  yet  precisely  known. 


Let  us  now  assume  that  we  have  been  able  to  find 
a  mechanism  which  dumps  the  required  energy  at 
the  required  rate  into  the  électrons  of  some  finite 
small  région  in  some  loop.  How  will  thèse  particles 
behave,  and  will  it  then  be  possible  to  explain  the 
observed  radiations  ?  It  seems  that  this  aspect  of  the 
question,  which  is  a  better  posed  problem,  and  which 
may  be  subject  to  some  observational  tests  has  met 
with  a  larger  degree  of  sucess. 

The  point  starts  by  a  considération  of  the  hard  X  ray 
impulsive  burst,  for  which  it  has  been  soon  recognized 
that  the  most  likely  émission  mechanism  was  brems- 
strahlung.  It  has  been  first  thought  that  the  source 
should  simply  be  pictured  as  an  accélération  région 
high  in  the  corona,  providing  fast  particles  travelling 
down  and  bombarding  the  denser  parts  of  the  solar 
atmosphère.  However,  once  the  required  flux  of 
électrons  could  be  estimated  from  the  observations 
(Hoyng  et  al.)  ;  it  was  realized  that  this  simple  model 
was  not  tenable  because  it  would  involve  a  flux  of 
10'^  électrons. s~^  dumped  in  the  chromosphere, 
and  a  total  number  of  accelerated  électrons  as  high 
as  10^^-10^^  which  is  just  the  order  of  magnitude 
of  the  total  électron  content  of  a  flaring  flux  tube.  This 
directed  flow  of  électrons  constitute  a  beam  passing 
through  a  plasma,  between  the  accélération  région 
and  photosphère.  It  will  not  only  become  unstable  to 
plasma  waves  but  create  an  enormous  magnetic  field. 
In  fact  the  electric  current  represented  by  the 
downwards  flowing  fast  particles  will  be  compensated 
by  a  return  current  driven  in  the  background  plasma. 
This  return  current,  if  the  beam  is  too  strong,  will 
itself  tum  microunstable  and  the  beam  will  stop, 
because  it  loses  ail  its  energy  driving  this  excessively 
damped  current.  Only  ion  acoustic  instability  has  been 
studied  up  to  now  in  this  context,  but  I  think  that 
results  conceming  the  electrostatic  ion  cyclotron 
instability  should  appear  soon.  The  simple  downward 
flow  of  energetic  particles  to  the  chromosphere  may 
then  just  not  be  possible.  Actually  this  is  fortunate, 
because  the  embarassingly  high  number  of  électrons 
required  can  be  traced  back  to  the  fact  that  X  ray 
radiative  losses  of  thèse  particles  in  a  cold  plasma 
is  10"^  times  smaller  than  collisional  losses  on  cold 
électrons.  Bombarding  a  cold  gas  with  energetic 
électrons  is  an  intrinsically  inefficient  way  of  emitting 
X  rays.  A  more  efficient  source  would  be  one  in  which 
the  électrons  would  be  more  or  less  thermal  at  tempe- 
rature  15  keV  say.  Collision  losses  would  be  reduced  to 
zéro,  but  of  course,  one  must  in  this  case  take  care  of 
conduction  and  expansion  losses  that  the  hot  région 
must  suflFer.  The  conduction  losses  can  be  eut  down  by 
just  the  same  beam  return  current  instability  mentioned 
above  because  the  hot  électrons  which  sustain  the 
heat  flow  act  as  the  beam  we  were  speaking  of  before 
and  induce  also  a  return  current.  It  then  appears 
possible  thanks  to  this  process  to  understand  the 
bottling  up  of  a  large  part  of  the  energetic  électron 
population  in  the  coronal  régions,  and  its  more 
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eftective  ability  to  eniil  X  rays.  Howcvcr,  thc  «  corks  » 
of  turbulence  are  not  completely  opaque  tor  thc 
fastest  électrons  which  leak  out,  driving  in  the  extenor 
médium  a  beam-plasma  instability.  The  beam  may 
be  strong,  but  according  to  Papadopoulos  and  Vlahos 
it  can  be  stabilized  by  the  transfer  of  waves  to  low 
phase  velocities  as  a  resuit  of  the  ponderomotive 
force  once  the  Langmuir  turbulence  has  reached  the 
threshold  level  for  the  modulational  instability  to 
set  in.  The  resulting  ion  dumping  according  to 
C.  Norman  and  B.  Smith  will  produce  a  state  ot 
enhanced  resistivity,  which  will  be  an  idéal  way  of 
spreading  of  the  dissipative  process  to  a  larger  volume 
of  the  flaring  région,  while,  however,  the  stabilized 
beam  will  be  able  to  reach  down  to  the  chromosphere 
and  produce  there  impact  eflfects  which  are  actually 
observed  in  the  form  of  flare  knots. 

I  would  like  now  to  finish  this  talk  by  explaining 
how  a  peculiarity  of  solar  cosmic  ray  nuclei  which 
has  been  for  some  time  quite  a  puzzle  finally  turns  out 
to  give  us  interesting  dues  concerning  the  conditions 
in  the  preflare  plasma. 

The  accélération  of  high  energy  nuclei  is  an  interest- 
ing aspect  of  the  flare  mechanism.  This  accélération 
occurs  only  in  a  restncted  number  of  flares.  The 
proton  accélération  seems  well  correlated  with  type  II 
radio  émission  which  is,  I  recall,  considered  to  be  the 
signature  of  a  shock  wave  travelling  in  the  corona. 
It  is  not  known  at  présent  whether  this  shock  is 
responsible  of  the  particle  accélération  or  whether 
both  effect  are  différent  conséquences  of  a  common 
cause.  It  seems  however  that  nuclei  and  proton 
accélération  originate  from  a  différent,  somewhat 
delayed,  mechanism  than  the  électrons  energized  in 
the  impulsive  phase  (Bai,  Ramaty).  This  point  is 
still  quite  controversial,  though  a  fair  évidence  of 
this  can  be  obtained  from  a  timing  of  y  ray  line  émission 
at  2.2  MeV.  .  u     r  . 

The  accélération  mechanism  proposed  thus  tar  lor 
thèse  particles  has  been  second  order  Fermi  accélé- 
ration by  weak  long  wave  MHD  turbulence  (Melrose). 
Other  processes  could  perhaps  be  operative  too. 
It  suffices  for  my  purpose  to  mention  that  thèse 
mechanisms  have  an  injection  threshold.  For  2d  order 
Fermi  accderation,  the  momentum  of  the  partide 
must  be  larger  than  M,  v,.  It  has  appeared  rather 
puzzling  for  some  time  that  a  number  of  small  flares, 
or  even  events  not  reported  as  qualified  flares  at  ail 
exhibited  a  strong  anomaly  of  the  isotopic  abundance 
of  hélium  in  the  acceleratcd  ion  population.  Nor- 
mally 

He-\/He*  ~  10       while    He-'/H  ~  10  '  . 
Events  have  been  reported  in  which  the  cosmic  ray 
population  exhibit  : 

He^/He*  :^  1  ;    10^  larger  than  normal  ! 
It  is  interesting  to  report  that  we  can  now  reasonably 
think  that  a  solution  to  this  puzzle  has  been  found  ; 
this  explanation  rests  on  the  démonstration  that  in 


certain  conditions,  the  plasma  which  will  be  later 
exposed  to  the  accélération  mechanism  could  be 
preheated  by  an  dedrostatic  ion  cyclotron  turbulence 
in  such  a  way  that  He^  and  some  charge  states  of 
heavier  ions  be  preferentially  preheated.  The  point 
is  as  foUows  :  assume  that  as  a  resuit  of  some 
unspecified  conditions  an  electrostatic  ion  cyclotron 
instability  is  driven  by  some  current.  In  a  pure  hydro- 
gen  plasma,  thèse  waves  would  ail  have  frequencies 
above  the  ion  gyrofrequency  but  if  a  noticeable 
amount  of  hélium  is  présent  in  the  coronal  gas  they 
could  also  be  excited  above  the  ionized  He*  gyro- 
frequency. It  is  then  possible,  according  to^  the  exci- 
tation conditions,  to  have  waves  above  Q(He^)  =  Qill. 
Now  it  is  remarkable  that  He^  is  the  only  neutron 
poor  isotope  susceptible  to  be  présent  in  reasonable 
amounts  in  the  solar  plasma.  Its  gyrofrequency 
lies  between  Q{Wt\)  and  fi,..  Fisk,  the  author  of  this 
theory  determined  the  optimal  conditions  for  which 
waves  in  the  vicinity  of  fi(He^)  are  first  driven  unstable. 
He  found  this  to  occur  for  : 


Te/Ti  ^  5       He/H  ~  0.2,  0.3  . 

This  is  an  abundance  of  hélium  larger  than  normal 
but  not  ruled  out  by  any  observation.  It  is  expected, 
and  it  can  be  calculated  that  the  rate  of  heating  of 
He^  exceeds  in  thèse  conditions  that  of  other  abundant 
ions,  thus  making  He^  ions  more  hkely  to  be  injected 
in  the  accélération  mechanism,  which  wiU  convert 
them  into  solar  cosmic  rays.  Heavier  ions  can  be  also 
preferentially  preheated  by  this  turbulence  by  means 
of  a  second  harmonie  résonance.  Of  course,  the  ions 
preferentially  heated  are  those  whose  second  harmonie 
of  the  gyrofrequency  is  not  much  diff"erent  than 
fi(He^).  This  is  the  case  of  C,  O,  Fe  ions  in  the  follow- 
ing  charge  states  : 


'6Fel^ 


It  is  especially  significant  that  very  recently,  Gloeckler 
has  observed  that  thèse  charge  states  of  thèse  ions  are 
overabundant  in  He^  rich  event,  confirming  the 
theory  (Fisk).  This  success  lends  a  great  deal  of 
support  to  the  idea  that  ion  cyclotron  waves,  are, 
in  small  flares,  driven  unstable  somewhere.  As  the 
threshold  for  the  instability  is  very  high,  as  we 
remarked  already  earlier,  the  unstable  current  could 
be  found  in  a  rather  thin  current  sheet  or  in  the  unstable 
return  current  driven  in  the  sort  of  conduction  front 
described  earlier.  Future  observations  will  hopefuUy 
décide  between  thèse  two  possibilities  by  testing 
wherever  possible  whether  the  modest  amount  of 
électrons  accelerated  in  thèse  spécial  events  can  or 
cannot  drive  an  anomalous  thermal  conduction 
front. 

As  a  conclusion,  one  can  say  that  the  solar  flares 
encompass  much  of  the  most  exciting  aspects  of 
présent  day  plasma  physics.  This  may  be  one  of  the 
reasons  for  which  they  are  still  ill  understood,  the 
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other  being  the  fact  that  the  amount  of  data  obtained 
is  both  exceedingly  abundant  on  some  aspects  but 
nevertheless  inexistent  on  such  crucial  points  as 
microstructures,  state  of  turbulence...  As  a  resuit 
théories  produced  up  to  now  cannot  reach  the  high 
degree  of  sophistication  and  confidence  involved  in 


such  fields  as  magnetospheric  or  laboratory  physics. 
This  review  has  been  oriented  to  a  présentation  of  the 
most  récent  trends  of  research,  though  other  ideas 
only  rapidly  alluded  to  here  may  have  more  to  do 
with  the  phenomenon  than  we  use  to  believe  in  our 
présent  state  of  understanding. 
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Contact  électrode  processes  and  microplasma  diagnostics 
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„  '      -       1  .  ^irrnnlMsm  i  siiivant  la  séparation  de  contacts  électriques,  l'initiation  de  l'arc,  ou  l'émission  d'ions 

d  rruptu^e  de  s£  métallique  fondu  et  du  m.croplasma  est  étudtée  à  fond  par  1  ufhsat.on  des  cme-film 
rL  de  no"  f/s  et  10^  f/s)  On  a  observé  le  spectre  de  recombination  émis  à  partir  de  la  vapeur  métallique  des 
e'ctrod    e^^^^^^^^  les  mesures  oscllographtques  rap.des  du  temps  et  un  agrandisseur^  Les  résultats  et  les 

propretés  du  mic'roplasma,  par  exemple  la  dens.té  des  particules  et  la  température,  sont  decrtts  et  analyses. 

Abstract  -  In  many  opérations  such  as  breaking  a  circuit,  arc  initiation,  ion  émission  from  molten  metals, 
fhetnsu  ng  plasma  interacts  with  électrodes,  even  in  low  voltage  (  ^  3  V)  conditions.  The  physics  of  métal  beha- 
viour  n  such  SS!  is  discussed,  and  the  évidence  for  formation  of  a  microplasma  assessed  An  account  is  g.ven 
of  mv est  g  t.on  of  the  plasma  properties  température,  neutral  métal  gas  density,  and  électron  concentration 
o  tled  by  t.me-resolve's  spectroscopy,  and  the  behaviour  of  the  micrc>scop.c  -o'ten  meta  bridge  and  the  for- 
mation of  a  m.croplasma  are  demonstrated  by  h.gh-speed  cine  films  (10  f/s  and  0.4  x  10  f/s). 


1 .  Introduction.  —  Excepting  the  cases  of  high 
frequency  discharges,  (whether  created  by  laser  beams 
or  by  large  scale  E.M.  fields)  and  plasmas  main- 
tained  by  external  injection  of  charged  particles,  the 
self-maintained  electrical  discharge  dépends  upon  the 
nature  and  geometry  of  the  électrodes  which  set  up 
the  electric  field  [1].  This  is  the  case  whether  the 
discharge  is  in  the  form  of  a  spark,  glow  or  arc. 
However,  the  rôle  of  the  électrodes  is  more  extensive 
than  that  merely  of  establishing  the  essential  electric 
field.  In  many  types  of  discharge  the  électrode  rôle  is 
highly  significant  and  can  be  a  controUing,  if  not 
completely  determining,  factor,  independent  of  any 
gas  ambient.  In  the  case  of  the  development  of  the 
spark,  or  the  initiation  and  maintenance  of  a  cold, 
low  current-density  discharge,  the  électrodes  play  an 
important  rôle  in  the  provision  of  secondary  émission 
of  ions  or  électrons  due  to  incidence  of  neutral, 
charged  or  excited  atomic  particles  or  of  photons,  as 
well  as  of  émission  due  to  application  of  high  local 
electric  fields  {>  lO^V/cm);  and  much  work  has 
been  done  investigating  such  processes  [2,  3]. 

In  récent  years  considérable  interest  has  been 
directed  to  investigating  the  controlling  influence  of 
the  nature  of  the  possible  électrode  processes  in  the 
arc  discharge  in  the  microscopic  as  well  as  in  the 
macroscopic  state.  This  is  especially  the  case  when 
the  main  parameter  is  the  local  température  and  the 
controlling  processes  then  are  thermal  in  nature. 
This  class  is  distinct  from  the  class  of  so-called 
cold  arcs,  when  the  controlling  process  is  primarily 
secondary  émission  due  to  a  high  local  field  set  up 
over  microscopically  small  areas  by  concentration 
ofpositiveionslocatedonthin(~  10"^  cm)  insulating 
surface  films.  In  the  case  of  thermally  controiled 
processes  the  physical  properties  of  the  électrode 
material  in  the  solid,  liquid  and  vapour  states  déter- 
mine the  behaviour  of  the  électrode.  In  both  micro- 


scopic and  in  macroscopic  conditions,  thèse  properties 
include  the  thermal  and  electrical  conductivities  and 
the  thermoelectric  coefficients,  together  with  the 
surface  tension,  and  their  variation  with  température. 

Because  there  is  strong  évidence  for  regarding 
micro-arcs  as  the  main  cause  of  deleterious  électrode 
érosion  in  contact  phenomena  [4],  as  well  as  being  of 
theoretical  significance,  studies  of  micro-arc  pheno- 
mena are  of  considérable  practical  importance  in  ail 
communication  engineering.  Investigations  of  cathode 
processes  and  of  possible  microplasma  also  have 
relevance  to  other  discharge  phenomena  such  as 
the  nature  and  behaviour  of  cathode  hot-spots,  and 
positive  ion  high-field  thermal  emitters  using  liquid 
metals.  The  importance  of  cathode  hot-spots  has  long 
been  appreciated  as  far  as  the  normal  arc  discharges 
are  concerned,  whatever  the  gas  ambient  may  be, 
and  the  précise  structure  and  their  behaviour  have 
been  the  subject  of  considérable  research  in  récent 
years,  particularly  in  connection  with  elucidating  the 
processes  of  so-called  vacuum  breakdown  [5,  6]. 
Further,  the  work  at  Culham  [7]  on  positive-ion 
sources  using  pointed  électrodes  of  liquid  metals 
demonstrates  minute  but  observable  plasma  formed 
at  the  metallic  emitting  tip,  which  influence  the 
énergies  of  the  positive  ions  drawn  off.  Ail  thèse 
examples  of  micro  liquid  métal  surface  phenomena  in 
electrical  contacts,  field  emitters  and  cathode  hot- 
spots  have  a  great  deal  of  physical  interest  in  common 
in  that  they  concern  processes  which  occur  on  the 
microscale  at  the  interface  of  métal  vapour  and 
plasma  with  boiling  métal  in  the  présence  of  high 
local  electric  fields.  Little  is  known  at  présent  about 
this  interface,  particularly  in  regard  to  changes  in  the 
solid  lattice  of  the  substrate  métal  in  the  transition 
through  the  liquid  state  of  the  vapour.  The  conditions 
may  be  far  from  those  of  stability  and  it  is  not  clear 
how  far  macroscopic  collective  concepts  such  as 
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surface  tension  still  hold.  Full  quantitative  statement 
of  energy  balance  and  température  distribution  at 
hot-spots  must  dépend  upon  accurate  knowledge  of 
the  physical  properties  of  the  cathode  :  namely, 
thermal  and  electrical  conductivities  and  thermo- 
electric  coefficients  and  their  variation  with  tempe- 
rature  up  to  températures  of  the  boiling  point  of 
metals  (~  5  000  K).  However,  accurate  measurement 
of  such  coefficients  by  experiments  on  the  macroscopic 
or  laboratory  scale  is  difficult  and  such  quantitative 
data  are  scanty.  Fortunately,  it  is  precisely  in  this  range 
of  température  and  scale  that  the  application  of  the 
methods  and  techniques  of  Contact  Physics  [4]  have 
proved  fruitful.  In  this  way  measurements  of  thèse 
coefficients  and  their  température  dependence  has 
been  made  for  metals  in  the  liquid  state  [8]  as  well  as 
at  lower  température,  and  also  with  semi-conductors, 
with  which  experiments  are  now  also  being  extended 
to  low  températures.  Even  so,  the  properties  of  the 
initial  (transient)  arc  formed  on  the  explosive  rupture 
of  the  molten  métal  bridge  are  important  in  the 
common  method  of  arc  initiation  by  first  bringing 
together,  and  then  separating,  the  two  électrodes  of 
the  arc  circuit. 

In  récent  years  considérable  research  has  been 
directed  to  investigating  the  micro  phenomena  which 
occur  when  two  macroscopically  cold  électrodes  in  a 
low  voltage  (<  4V)  circuit  are  separated.  In  high 
voltage  power  circuits  the  occurrence  of  an  initial 
arc  and  subséquent  heavy  discharge  plasma  is  obvious  ; 
the  practical  problem  is  usually  that  of  extinguishing 
the  discharge  as  quickly  as  possible.  In  low  voltage 
(<  4V)  circuits,  on  the  contrary,  it  had  long  been 
considered  that  no  electrical  discharge  could  occur, 
and,  indeed,  no  discharge  may  generally  be  visible  to 
the  naked  eye  with  moderate  currents.  On  the  other 
hand,  investigation  does  show  that  complicated 
processes  do  in  fact  take  place  involving  loss  or 
dispersion  of  métal  in  apparently  macroscopically 
cold  and  plasma-less  conditions.  Thèse  processes  are 
of  great  technological  importance  in  that  they  limit 
the  lifetime  of  such  contacts. 

It  was  the  suggestion  of  the  Programme  Committee 
of  this  Conférence  that  the  nature  of  récent  investi- 
gations in  this  field.  together  with  their  conclusions, 
should  be  summarised  in  this  paper.  In  considering 
usual  arc  plasma  phenomena,  it  is  noted  that  in 
médium  voltage  circuits  generally  used  {V  >  15  V 
and  greater  than  the  ionization  potential  of  the 
molécules  of  the  ambient  gas)  the  arc  is  struck  by 
separating  two  électrodes  in  attempting  to  break  the 
circuit.  It  is,  however.  now  important  to  consider 
how  the  séries  of  processes  initiated  by  this  very  act 
can  produce  and  control  the  nature  of  plasma  sub- 
sequently  formed,  and  this  is  of  particular  importance 
with  microplasma.  This  aspect  will  now  be  discussed, 
mainly  from  fundamental  physical  considérations 
rather  than  from  its  technological  significance.  The 
subject  of  microplasma  has  been  investigated  for 


many  years  at  Swansea  and  attention  has  been  directed 
to  the  behaviour  and  properties  of  metals  in  thèse 
conditions  at  high  températures,  and  thèse  studies 
required  the  use  of  techniques  of  high-speed  cine- 
photography,  oscillography  and  of  time-resolved 
spectroscopy.  As  a  resuit,  the  existence  of  transient 
microplasma  has  been  estabhshed  and  information 
obtained  about  their  duration,  vapour  density  of 
ambient,  électron  and  ion  concentrations  and  tempe- 
rature. 

2.  Processes  at  separating  électrodes.  —  Consider 
the  final  stages  of  two  électrodes  in,  say,  a  low  voltage 
circuit  (~  4  V)  when  just  about  to  separate,  using  the 
principles  of  contact  physics  [4]. 

2.1  Development  of  the  microscopic  molten 
METAL  BRIDGE.  —  In  practice  the  surfaces  of  the 
two  électrodes  of  an  electrical  contact  are  not  perfectly 
plane  parallel  but  on  the  microscopic  scale  consist 
of  projections  and  asperities  ~  10"*  cm.  Conse- 
quently,  the  current  stream  fines  become  concentrated 
at  fewer  and  fewer  points  of  contact  until  they  are 
finally  concentrated  at  a  single  microscopic  area. 
At  this  stage  the  résistance  across  the  contact  is 
almost  entirely  constriction  résistance  given  by  the 
expression 

=  \  UK 

where  a  is  the  radius  of  the  contact  area  (if  supposed 
circular)  and  k  is  the  coefficient  of  electrical  conduc- 
tivity  of  the  contact  material.  The  contact  voltage 
is  then  equal  to  when  a  current  passes.  The 
local  rate  of  génération  of  heat  is  then  R^  If.  Clearly, 
the  contact  area  ko.^  dépends  upon  the  contact 
pressure,  and  to  fix  ideas,  consider  a  spécifie  example 
of  two  platinum  wires  in  contact  when  a  current  of 
1  A  is  passed  at  a  voltage  of  0.1  V.  Thus  =  0.1  Q, 
and  since  the  value  of  k  is  10^Q"'cm"\  a  is 
5  X  10"^  cm,  giving  a  current  density  ~  10^  A  cm 
Such  a  high  current  density  throughout  the  very 
small  volume  around  the  minute  area  of  contact  can 
produce  a  high  température  9  which  it  is  necessary 
to  evaluate. 

This  température  6  is  related  to  the  generalised 
potential  différence  \j/  between  two  isothermal  sur- 
faces, one  in  each  électrode.  This  theorem  was  dis- 
covered  in  1900  by  Diesselhorst  [9],  applied  to  contact 
theory  by  Holm  [10],  and  shown  to  be  ix:dependent  of 
geometry  by  Davidson  [11].  In  a  simplifiée!  form  the 
theorem  can  be  expressed  as 

=  gj  {XlK)Ae 

where  /.  is  the  coefficient  of  thermal  conductivity  of 
the  électrode,  9^  the  température  at  remote  boundaries, 
and  (y,„  the  maximum  température  somewhere  m  the 
System  (usually  within  the  microscopic  hot-spot  or 
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bridge).  Assuming  the  Wiedemann-Franz  law  lor  the 
metals,  i.e. 

ÀIK  -  LO 


giving 


where  L  is  the  Lorenz  constant.  Taking  0^  =  300  K. 
V  =  1.5  V,  0„,  =  4  600  K,  which  is  abovc  the  boiling 
point  of  platinum.  Thus  a  low  contact  voltage  can 
produce  a  local  température  sufficient  to  boil  any 
known  métal.  This  is  the  basis  of  an  understanding 
of  contact  opération  and  has  important  practical 
conséquences.  The  course  of  the  phenomena  of  an 
opening  contact  can  now  be  foUowed.  When  a  current 
constriction  first  occurs,  the  température  9^  rises  as 
the  contact  pressure  falls,  and  the  contact  résistance 
then  increases,  as  does  the  contact  voltage 
y  ^  The  il/,  9  theorem  shows  that  9„,  must 

then  incre'ase.  On  reaching  the  melting  point,  a  sudden 
increase  in  R,  occurs  giving  a  further  increase  in  9^, 
thus  continuing  the  process  until  9^  reaches  the 
boiling  point.  At  this  stage  the  molten  volume  (drawn 
out  into  a  bridge  or  globule  joining  the  two  surfaces) 
must  evaporate  over  a  section  and  rupture  the  bridge 
connection,  or  even  explode. 

This  gênerai  process  involves  two  important 
problem  areas.  Thèse  are,  firstly,  the  mode  of  for- 
mation, development  and  final  rupture  of  this  molten 
métal  bridge,  and  secondly  the  conséquences  of  the 
conditions  thus  produced  in  the  initiation  and  sub- 
séquent development  of  any  microplasma.  Both 
thèse  sets  of  phenomena  have  important  practical 
conséquences  as  far  as  électrode  érosion  and  contact 
failure  are  concerned,  and  have  distinctive  properties 
which  can  influence  the  procédures  adopted  to  mini- 
mise their  practical  ill-eff"ects. 

Investigation  of  the  properties  of  thèse  molten 
métal  microscopic  bridges  has  yielded  interesting 
information  on  the  thermal  and  electrical  properties 
of  metals  at  températures  up  to  their  boiling  points  — 
information  in  many  cases  which  is  unobtainable  by 
other  methods.  It  is  the  other  field,  that  of  the  ensuing 
microplasma,  which  is  the  main  subject  of  this  paper. 

2.2  Microplasma.  —  2.2.1  Initiation.  —  Detail- 
ed  analysis  of  the  conditions  at  the  fracture  of  the 
microbridge  discloses  the  foUowing  electrical  condi- 
tions : 

(a)  a  small  gap  ~  lO"'^  cm  is  set  up  between  the 


two  électrodes,  (h)  each  surface  is  at  a  high  tempe- 
rature  ~  its  boiling  point,  and  is  then  a  possible 
thermionic  emitter,  (c)  there  is  a  gaseous  atmosphère 
of  the  ambient  gas  and  of  métal  vapour,  (d)  the  métal 
vapour  density  may  exceed  atmospheric  gas  density, 
and  its  ionization  potential  may  be  much  lower 
(almost  one  halO  that  of  the  atmosphère,  and  (<?)  the 
self-inductance  of  the  local  circuit  can  set  up  a  voltage 
puise  of  a  value  very  much  higher  than  that  of  the  low 
4  V)  contact  circuit,  and  thus  sufficient  to  produce 
ionization  of  the  gas  or  métal  vapour.  For  such 
reasons  the  occurrence  of  a  micro-arc  is  practically 
a  certainty  in  most  cases  of  practical  importance, 
and  this  can  have  serions  conséquences  by  producing 
érosion  of  the  électrodes  [4]. 

In  practical  cases  when  the  local  self-inductance  is 
sufficient  (>  10"^  H),  and  when  the  circuit  voltage  is 
high  (>  50  Y),  the  présence  of  a  post-break  arc  is 
obvions  and  visible,  but  at  much  lower  values  of 
inductance  10"^  H)  and  of  circuit  voltage  (~  4V), 
it  has  been  difficult  to  establish  the  présence  of 
significant  plasma  which  for  many  years  was  ignored. 

Further,  there  were  strong  reasons  put  forward  for 
the  practical  significance  of  the  behaviour  and 
properties  of  the  molten  bridge  in  being  the  cause 
of  a  certain  amount  of  électrode  érosion.  Davidson  [1 1] 
had  shown  that  the  equilibrium  of  a  liquid  métal 
bridge  would  be  determined  by  its  surface  tension, 
and  that  in  conséquence  the  bridge  would  progressively 
assume  the  geometrical  symmetrical  shapes  of  undu- 
loid,  catenoid  and  nodoid  before  rupture.  If  a  plasma 
is  subsequently  set  up  it  would  be  produced  in  the 
propitious  conditions  in  the  rupture,  which  itself 
naturally  would  take  place  at  the  hottest  section 
—  usually  the  narrowest  neck  of  the  nodoid. 

Extensive  static  and  dynamic  investigation  of  this 
has  been  made,  and  the  quasi-static  photographs, 
together  with  a  cine  film  at  25  frames/s  illustrate 
the  process  in  some  détail  (see  Fig.  1). 

However,  it  can  be  seen  from  the  film  that  no 
definite  évidence  was  produced  at  that  speed  to 
establish  that  an  arc  always,  or  even  sometimes, 
occurred;  and  it  was  even  thought  that  the  film, 
on  the  contrary,  provided  évidence  more  consistent 
with  the  conclusion  that  any  érosion,  in  those  parti- 
cular  conditions,  was  more  likely  to  have  been 
produced  by  asymmetric  rupture  of  the  bridge. 
The  film  demonstrates  the  validity  of  the  theoretical 
prédictions  of  the  development  of  the  microscopic 
molten  métal  bridge  through  the  geometrical  forms 
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of  unduloid,  catenoid  and  nodoid  and  the  rupture 
at  the  hottest  section. 

A  matter  of  some  physical  significance  is  the 
conclusion  that  surface  tension  processes  appear  to 
be  operative  right  up  to  the  stage  of  explosion  of  the 
molten  métal.  However,  the  film  appeared  to  show 
that  the  bridge  ruptures  cleanly  without  the  formation 
of  a  maintained  arc,  and  so  provided  no  évidence 
for  the  significant  action  of  a  microplasma. 

2.2.2  Indirect  évidence  for  existence  of  micro- 
plasma. —  As  a  conséquence,  considération  of  métal 
transfer  in  this  régime  of  low  voltage  and  self-induc- 
tance generally  tended  to  attribute  molten  transfer 
to  the  properties  of  the  molten  métal  bridge  rather 
than  to  a  plasma.  On  the  other  hand,  the  reasons 
given  above  in  section  2.2.1  for  recognising  that 
conditions  obtained  at  bridge  rupture  are  precisely 
those  which  could,  and  probably  would,  lead  to  a 
micro-arc,  indicate  that  bridge  rupture  must  be  an 
event  which  initiâtes  a  possibly  complicated  train 
of  plasma  events  which  détermine  the  extent  and 
characteristics  of  the  resulting  matter  transfer  and 
électrode  érosion.  This  conclusion  has  been  the  basis 
of  extensive  research  at  Swansea  over  récent  years  [12, 
13,  14,  15]  on  électrode  érosion  and  its  explanation. 
Clearly,  it  is  important  to  establish,  if  at  ail  possible, 
whether  this  conclusion,  that  microplasmas  are  set 
up  and  can  account  for  the  érosion  phenomena 
observed  is  valid.  The  expérimental  methods  generally 
employed  have  been  based  upon  time-dependent 
techniques  of  increasingly  high  resolution,  together 
with  sensitive  radiotracer  methods  of  measuring  the 
précise  movement  of  matter  from  one  électrode  to 
the  other,  and  not  merely  the  net  érosion  or  matter 
gain.  Thèse  techniques  have  superseded  the  previous 
quasi-static  methods  of  electrical  measurement,  arc 
observation  and  gravimétrie  and  optical  methods  of 
surface  change.  The  expérimental  investigation 
covered  the  following  fields  : 

i)  The  migration  of  matter  from  one  électrode  to 
the  other  measured  as  a  function  of  the  local  self- 
inductance  down  to  values  of  3  x  10"^  H,  even 
for  a  single  contact  opération  ; 

ii)  Measurement  of  VXt)  and  of  I^t)  as  functions 
of  time  from  just  prior  to  bridge  rupture  up  to  current 
extinction  ; 

iii)  High-speed  cine-photography  of  events  includ- 
ing  formation,  development  and  rupture  of  the  micro- 
bridge, and  the  arc  phase  on  a  microsecond  scale  ; 

iv)  Time-resolved  radiation  measurement  using 
photomultipliers  and  high-speed  oscillography,  involv- 
mu  unies  d(nvn  to  50  x  10""  s,  and 

\  )  Oplical  and  slereoscan  examination  of  érosion 
pattorns. 

3.  Investigation  of  microplasma.  —  The  results  of 
thèse  studies  provided  considérable  information  on 
the  physics  of  the  bridge  and  on  the  nature  of  the 


processes  of  matter  transfer,  and  those  specifically 
significant  to  the  question  of  the  existence  of  plasma 
will  now  be  considered.  Thèse  are  : 

a)  In  many  cases  the  amount  of  matter  transposed 
was  greater  than  the  total  volume  of  the  molten  métal 
bridge  contained  between  the  two  melting  isothermals 
in  the  électrodes. 

b)  Transfer  still  depended  upon  the  local  self- 
inductance  even  for  values  as  low  as  3  X  10"**  H.  and 
was  never  independent  of  inductance,  as  would  be 
>the  case  if  no  micro-arc  occurred  and  if  the  transfer 
mechanism  was  entirely  a  bridge  process  dépendent 
on  the  properties  of  the  metals  (see  Fig.  2). 


Fig.  2.  —  Dependence  of  matter  transfer  rate  on  local  self-induc 
tance  as  determined  by  radio-tracer  techniques. 


c)  Quasi-static  measurement  of  contact  voltage 
gave  low  values  (1.5  V),  and  high-speed  oscillographic 
methods  did  not  disclose  the  high  peak  values  that 
would  be  expected  theoretically  from  circuit  constants  ; 
the  values  were  only  about  9  to  15  V,  consistent  with 
the  occurrence  of  strong  ionization  of  métal  vapours. 

Further,  the  duration  of  the  plateau  of  the  voltage 
traces  was  equal  to  that  calculated  from  the  energy 
available  in  the  local  LC  circuit  for  maintenance  of  an 
electrical  discharge  which  was  keeping  the  current 
flowing  across  the  contact-gap  (see  Fig.  3). 
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Fig.  3.  ~  Oscillogram  trace 
of  time  from  bridge  rupture 
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il)  Measurements  by  M.  R.  Hopkins  et  al.  on 
magnetic  displacement  of  the  molten  métal  bridge 
to  produce  trails  disclosed  no  asymmetry  of  the  bridge 
which  could  produce  observable  transfer. 

AU  thèse  conclusions  are  consistent  with  the 
assumption  that  microplasma  do,  in  fact,  occur  for 
durations  determined  by  the  local  circuit  parameters, 
and  that  they  have  significant  influence  on  the  mecha- 
nism  of  électrode  érosion  and  also  on  the  energy 
spread  of  any  positive  ions  extracted  from  liquid 
métal  emitters.  It  was  necessary,  therefore,  to  attempt 
to  obtain  direct  spécifie  évidence  for  the  existence 
of  such  microplasmas,  and,  if  successful,  then  to 
investigate  their  plasma  properties  in  order  to  déter- 
mine whether  they  could  account  for  the  complex 
érosion  properties  which  had  been  established  experi- 
mentally. 

4.  Direct  visual  observation  of  micropiasma.  — 

Although  the  first  cine  film  at  25  f.  s"'  appeared  to 
show  a  clean  metallic  break  of  the  bridge  nodoid,  it 
was  considered  necessary  to  examine  each  separate 
frame  for  any  further  évidence,  and  it  was  eventually 
found  that  of  some  20  000  frames,  one  actually 
appeared  to  indicate  a  glow  or  flash.  It  was  possible 
therefore  that  flashes  may  have  occurred  between 
frames  and  so  avoid  record.  Clearly,  a  faster  frame 
rate  was  required,  and  the  next  attempts  were  made 
using  a  Fastax  caméra  of  some  1 0*  f.  s  . 

The  results  obtained,  as  can  be  seen  from  the  film 
shown,  confirmed  in  considérable  détail  the  theoretical 
prédictions  of  Davidson  about  the  equilibrium  condi- 
tions of  a  molten  métal  bridge  at  high  températures. 
In  particular,  the  inability  of  surface  tension  forces  to 
maintain  control  with  pure  métal  without  violent 
internai  convulsions.  Also  that  thèse  convulsions  often 
resulted  in  the  émission  of  minute  high-speed  droplets 
which  could  avoid  desposition  on  either  électrode 
and  so  avoid  record.  This  is  a  process  of  considérable 
practical  significance,  as  it  produces  an  apparent 


scatter  in  expérimental  measurements  of  metallic 
transfer. 

Some  more  évidence,  albeit  not  yet  décisive,  was 
also  obtained  of  a  post-break  flash,  but  clearly  clouds 
of  metallic  vapour  were  definitely  produced  and  it 
could  be  seen  that  the  final  rupture  was  not  the  clean 
metallic  break  previously  thought  to  occur  with  the 
25  f.  s"'  film.  The  bright  flash,  resembling  possibly 
a  hot  plasma,  appeared  to  have  a  volume  much 
greater  than  that  of  the  original  microscopic  molten 
bridge.  However,  a  higher  caméra  speed  was  still 
required  if  more  definite  évidence  was  to  be  obtained. 

Such  a  caméra  was  designed  and  constructed  at 
Swansea  [16,  17]  and  with  this  the  foUowing  conclu- 
sions were  obtained  (Fig.  4  and  5)  : 

a)  Copious  clouds  of  metallic  vapour  are  produced 
around  the  bridge,  thus  indicating  onset  of  boiling. 

h)  There  is  no  clean  metallic  break  of  the  circuit 
at  bridge  rupture,  on  a  scale  of  some  microseconds. 

c)  The  molten  bridge,  the  hottest  section  of  it, 
explodes  with  a  bright  flash,  resembling  hot  plasma  ; 
in  many  cases  the  whole  bridge  is  involved. 

d)  Ejection  of  molten  métal  droplets  occurred  at 
speeds  of  100-300  ms'^ 

The  slides  shown  demonstrate  the  existence  of  the 
post-rupture  plasma,  and  it  now  remains  to  investigate 
and,  if  possible,  deduce  the  properties  of  the  plasma 
which  could  be  significant  in  accounting  for  the 
électrode  érosion  observed. 


5.  Plasma  properties  of  micro-arc.  —  Thèse  results 
are  ail  consistent  with  the  conclusion  that  the  arc 
takes  place  in  the  vapour  supplied  by  the  électrode 
métal  and  that  the  plasma  and  électrode  processes 
themselves  are  complicated.  It  appears  that  one  type 
of  arc  discharge  succeeds  another,  and  that  the 
succession  is  controUed  in  the  main  by  the  density 
of  métal  vapour  produced  from  the  two  électrodes, 


F,g.  4.  -  Development  of  m.croscop.c  métal  br,dge  of  platmum  électrodes  m  vacuum  photographed  at  10*  frames/s,  showmg  high  tur- 
bulences, éjection  of  metallic  globules,  and  occurrence  of  transient  (  <  100  ^s)  microplasma. 
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Fig.  5.  -  Development  of  microscopic  bridge  of  platinum  in  vacuum  photographed  with 
L  =  0,05  nH,  Speed  0.5  x  10"  frames/s  (M.  C.  Cowburn,  Ph.  D.  thesis,  1969). 
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either  by  evaporation  or  by  sputtering  under  electronic 
and  ionic  bombardment.  Thus,  the  monitoring  of  the 
temporal  variation  of  ion  density  in  the  plasma  is 
clearly  of  importance  and  investigations  of  this 
aspect  have  been  carried  out  at  Swansea.  The  région 
containing  the  events  to  be  analysed  is  not  only 
microscopic  in  area  but  the  phenomena  themselves 
are  also  very  transient,  and  significant  variations  can 
occur  in  times  much  shorter  than  microseconds. 

5 . 1  Plasma  radiation.  —  Of  the  varions  methods 
of  determining  the  density  of  the  métal  vapour. 
in  the  extremely  small  inter-electrode  space  between 
the  opening  contacts,  that  based  on  the  spectroscopic 
investigation  of  the  radiation  emitted  from  the 
microplasma  is  probably  the  most  convenient  in  the 
circumstances  [18].  In  the  case  of  high-energy,  high- 
density  plasma  such  as  stars,  the  radiation  is  likely 
to  be  black  and  forms  an  essential  élément  in  the 
plasma  equilibrium  équations,  but  in  the  case  of 
■  thèse  comparatively  low  energy  contact  arc  discharges, 
on  the  other  hand,  the  plasma  is  optically  thin,  and 
radiative  transfer,  for  example,  can  be  neglected,  so 
that  a  simpHfied  concept  of  radiation  processes  can  be 
adopted.  Radiation  emitted  by  a  plasma  dépends  not 
only  on  the  isolated  radiating  atomic  or  molecular 
species  but  also  on  the  properties  of  the  plasma  in  the 
neighbourhood  of  the  radiator.  For  plasmas  of  low 
percentage  ionization,  collisional  ionization  and  de- 
excitation  processes  are  dominated  by  free  électrons 
rather  than  by  atoms  or  ions  on  account  of  their 
relatively  high  energy  and  their  long-range  inter- 
actions. In  thin  plasmas  there  cannot  be  complète 
thermodynamic  equilibrium.  However,  when  the 
electron-electron  mean  free  path  is  small  compared 
with  plasma  dimensions,  plasma  properties  can  be 
expressed  in  terms  of  électron  mean  energy  (or 
température)  and  électron  or  ion  densities  (since  the 
plasma  is  macroscopically  neutral).  In  thèse  condi- 
tions the  électron  energy  distribution  can  be  considered 
to  be  Maxwellian  and  local  thermodynamic  equilibrium 
(L.T.E.)  be  obtained  [19].  Generally  the  radiation 
consists  of  two  forms  :  one,  the  line  spectra  due  to 
quanta  emitted  by  transitions  between  quantum 
States  of  excited  atoms  (usually  the  atoms  of  the 
evaporated  électrode  material),  and  the  other,  mostly 
continuous  radiation  resulting  from  the  collective 
action  of  the  plasma  as  a  whole  which  includes 
recombination  spectra,  Bremsstrahlung,  cyclotron, 
Cerenkov,  and  black-body  radiations. 

In  contact  arc  discharges,  the  particle  énergies  are 
comparatively  low  %  1.0  eV  and  the  particle  velocity 
in  the  plasma  is  far  lower  than  that  of  light  ;  conse- 
quently,  Cerenkov  radiation  can  be  neglected.  Simi- 
larly,  the  plasma  being  thin,  radiation  is  not  in  equili- 
brium with  the  particles,  and  black-body  radiation 
is  negligible.  Cyclotron  radiation  is  caused  by  charged 
particles  which,  in  the  absence  of  collisions,  orbit 
about  the  lines  of  force  of  any  applied  magnetic 


field  and  consists  of  line  spectra  at  frequencies  which 
are  harmonies  of  the  cyclotron  frequency.  The  ratio 
of  the  power  loss  by  cyclotron  radiation  to  Bremm- 
strahlung  is  proportional  to  the  square  root  of  the 
mean  électron  energy  and  may  be  neglected  for  mean 
énergies  <  1  eV. 

The  following  are  pairs  of  processes  of  importance 
in  plasma  equilibria  : 

i)  3-body  collisional  recombination  and  collisional 
ionization  ; 

ii)  radiative  recombination  and  photo-ionization; 

iii)  collisional  de-ionization  and  collisional  exci- 
tation ;  and 

iv)  spontaneous  and  stimulated  émission  and 
photo-excitation. 

In  régions  of  L.T.E.  when  collisional  eflfects  domi- 
nate  radiative  processes,  the  principle  of  detailed 
balancing  may  be  applied,  and  in  thèse  circumstances 
the  equilibrium  is  characterised  by  the  mean  électron 
energy  since  électrons  dominate  the  collisional 
processes.  This  is  the  plasma  model  here  adopted  in 
the  discussion  of  Bremsstrahlung  and  recombination. 
Thèse  two  forms  of  radiation  occur  together  because 
they  dérive  from  the  Coulomb  attraction  of  électrons 
for  a  positive  ion.  The  resulting  accelerated  particles 
radiate  electro-magnetic  energy  at  rates  proportional 
to  the  square  of  the  accélération.  At  high  énergies 
<  50  keV,  plasma  Bremsstrahlung  is  almost  entirely 
from  the  électron,  and  the  radiation  is  continuous 
and  known  as  free-free  when  the  électron  is  not 
captured  ;  a  free  électron  (m,  e,  v)  may,  however, 
be  captured  to  a  quantum  level  q  of  the  attracting 
positive  ion,  and  the  energy  lost  by  the  électron  is 
radiated  as  a  photon  of  energy  hv,  where 

hv  =  \mv^  +  £„-i)(oo)  -  ^(,-1,(9) 

where  E^..<,lq)  is  the  energy  of  the  quantum  level  q 
for  an  ion  of  charge  z  ;  since  may  have  any  value, 
the  spectrum  is  continuous,  but  there  is  a  séries 
limit.  In  hydrogenic  Systems 

1,(00)  -  E,,.M  =  2^E„lq^ 

where  Ef,  =  2n^  e''  mjh^,  the  ionization  energy  of 
the  hydrogen-like  atom.  At  any  frequency  v  the 
lowest  permissible  q  is  given  by 

hv  =  {  mv^  +      En/q'  ^  E^/q^ 

or 

q^,„  >  iz'  Ef^/hvY"  .  (1) 

In  accordance  with  the  principle  of  microscopic 
reversibility  the  number  of  recombinations  to  the 
level  q  for  a  frequency  interval  dv  is  equal  to  the 
number  of  photoionizations  in  the  same  frequency 
interval. 

Précise  quantum  mechanical  calculations  can  only 
be  made  for  hydrogenic  Systems,  i.e.  for  recombination 
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between  an  électron  and  bare  positive  ion,  and  only 
approximate  treatment  exists  for  many  électron 
Systems.  This  approximation  will  be  made  here. 
On  thèse  assumptions,  Cooper  [20]  has  shown  that  the 
total  power  P'*(v).dv  of  the  recombination  continuum 
radiated  in  frequency  interval  dv  for  recombination  to 
level  q  is  given  by 


P«(v).d 


X   X  exp 


Cl'  E^. 


(2) 


K  - 


64  71^^^  hE^i^ 
33/2  ^2  ^3 


and  is  the  free-bound  Gaunt  factor 
visible  région,  and  from  (1) 


1  in  the 


q  >  ■ 


The  summation  is  taken  over  ail  possible  <7-levels. 
A  further  simplification  is  made  by  assuming  that  the 
positive  ion  of  the  métal  vapour  is  hydrogen-like  so 
that  Eh  can  be  taken  as  the  ionization  energy  of  the 
metallic  atom. 

Unsôld  [21]  has  given  an  expression  for  the  total 
Bremsstrahlung  radiation  ^^(v),  where 


P«(v)  dv  =  - 


2  Eh  El'^ 


■  exp  < 


(hv  I 


•dv  (3) 


where  Qff  is  the  free-free  Gaunt  factor  which  is 
~  unity  in  the  visible  spectrum.  Comparison  of  (3) 
and  (2)  shows  that  when  En  >  EJ3,  Bremsstrah- 
lung is  negligible  compared  with  the  recombination 
spectrum  when  E,  <  1  eV.  When  h  p  E,  both 
Bremsstrahlung  and  recombination  spectra  fall  oflF  as 
exp(-  hv/Ei)  when  variation  in  Gaunt  factors  are 
small,  and  the  free-electron  velocity  distribution  is 
Maxwellian.  Thus  for  constant  E„  the  slope  of  the 
continuum  power  radiated  vs.  frequency  gives  the 
mean  energy  E^. 

However,  in  the  case  of  extremely  small  contact 
plasma,  radiation  from  the  whole  surface  of  the 
plasma  falls  on  the  detector,  and  the  mean  électron 
energy  may  vary  over  a  cross-section.  From  high- 
speed  photographs  of  the  post-rupture  contact  plasma, 
it  may  be  assumed,  without  great  error,  that  the 
plasma  is  cylindrical  (of  radius  r)  initially  of  the  same 
broad  geometry  as  the  molten  métal  bridge  [20]. 
If  £:„3„  and  E{r)  are  the  électron  énergies  at 
maximum  when  r  =  0,  at  minimum  at  boundary  r,, 
and  at  the  value  of  radius  r,  then  (see  Fig.  6), 
2 

E(r)  =  E^,,  -  (^n,ax   -  ^min  )  TI 


Fig.  6.  ^  Radial  variation  of  température  and  intensity  of  the 
continuum  radiation  across  the  arc  column. 


and  substituting  in  (2)  for  a  single  level  q  and  integrat- 
ing  from  r  =  0  to  r  =  r,,  it  follows  that 


9.815  4.10"*^ 


(4) 

where  hv„  -  séries  limit  =  z^  E^/q^  in  the  spectrum 
of  the  vapour. 

Further  simplification  follows  if  E^i„  ^  zéro  and 
putting      =  «1  =  n,  giving  [22] 


9.815.10-^5  j 


-hv: 


(5) 


Thus  the  magnitude  of  the  radiation  recorded  is  a 
measure  of  the  ionic  density  in  the  métal  vapour  in  the 
contact  gap.  Data  obtained  from  application  of 
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eq.  (5)  can  be  used  to  détermine,  for  any  given  contact 
plasma  conditions  : 

i)  the  temporal  variation  of  radiation  intensity  at 
any  given  frequency  ; 

ii)  the  estimations  of  plasma  température  over 
the  whole  of  its  duration  ;  and 

iii)  an  estimation  of  the  plasma  volume. 

In  the  records  for  the  mean  energy  may  vary 
with  time  [23],  but  in  a  family  of  such  {  P{v)  vs.  v  } 
curves,  definite  maxima  usually  occur,  and  it  is» 
reasonable  to  take  the  value  of  there  the  same  as 
E^^^.  This  leads  to  a  curve  of  P^{v)  vs.  v  at  the  same 
F{=  £niax)-  The  température  at  times  other  than  that 
corresponding  to  the  maxima  of  the  {  P{v),  t  ]  curves 
can  be  found  by  extrapolation. 

The  size  of  the  plasma  may  be  estimated  by  focussing 
an  image  of  the  arc  on  to  a  slit  located  before  the 
radiation  detector  and  varying  the  plasma  current 
until  the  detector  no  longer  records  a  corresponding 
increase  in  radiation. 

5.2  Expérimental  procédure.  —  The  électrode 
material  employed  was  platinum  of  ionization  poten- 
tial  9  eV.  The  radiation  detector  was  a  high-gain, 
high  sensitivity  photo-multiplier  with  a  spectral 
range  of  2  300-6  000  Â,  working  at  maximum  sensiti- 
vity. Care  was  taken  to  maintain  the  required  voltage 
stability  at  every  stage.  A  Tektronix  555  high-speed 
double  beam  oscilloscope  was  used  to  display  the 
time-resolved  signal  from  the  photo-multiplier,  and 
also  to  monitor  the  contact  voltage  at  the  same  time 
as  the  radiation.  The  recording  system  was  triggered 
by  externally  triggering  the  oscilloscope  from  the 
contact  voltage  at  a  value  shghtly  less  than  the  rupture 
voUage.  A  block  diagram  of  the  system  is  illustrated 
in  figure  7. 


Fig.  7.  —  Schematic  diagram  of  the  radiation  detecting  system. 


A  number  of  sensitive  photo-multiplier  tubes 
were  tested  in  attempts  to  record  the  platinum  émission 
Unes  À  =  3  064  Â  and  2  650  Â,  but  without  success, 
but  good  signais  of  high  signal  to  noise  ratio  were 
obtained  from  observation  with  a  lOOÂ  bandwidth 
of  the  continuous  radiation,  so  that  the  radiation 


falling  on  the  photo-multiplier  was  an  intégral  of  the 
radiation  emitted  from  the  whole  arc  plasma.  For  any 
given  values  of  circuit  parameters  at  any  given  value 
of  radiation  frequency,  observations  were  recorded 
for  20  contact  openings  at  any  given  current,  and  the 
spectrum  scanned  at  intervais  of  100  Â.  The  range  of 
currents  used  was  5  to  1 5  A  for  values  of  local  self- 
inductances  from  5  X  10"^  H  to  300  |aH. 

5.3  Expérimental  results.  —  A  curve  typical 
of  the  family  P'^{v),  t  is  given  in  figure  8a  and  the 
corresponding  F,,  /  curve  in  figure  %b.  This  is  interest- 
ing  because  {b)  demonstrates  the  phenomenon  of 
re-bridging  after  about  1  ^s  leading  to  a  second  arc 
lasting  some  4/2  fis,  and  that  the  initial  sharp  voltage 
change  occurs  at  the  same  constants  as  the  peaks 
in  the  power  radiation  curve. 

Circuit  Parameters  I   =  10  ampères  L  =  2.58  -  5.0m  H. 


0  1  2  3  4  5 

Time  (  M  secs) 
Temporal  Variation  of  Power  Radiated  from  Arc. 


1  2  3  4  5 

Time(  ,secs) 


Fig,  8.  —  Voltage  across  contact. 


Figure  9a,  b.  c  gives  some  typical  curves  for  high 
values  of  local  inductance  giving  arcs  lasting  9  |as 
when  little  re-bridging  occurred.  The  second  puise  of 
radiation  is  more  clearly  shown. 

Déterminations  of  the  électron  températures  were 
made  by  the  method  described  in  the  previous  sections. 
Over  the  range  of  inductances  from  0.05  nH  to  5 
and  for  a  current  range  5  to  15  A,  the  mean  électron 
energy  showed  little  variation  from  E^^^  of  0.6  eV, 
and         of  0.45  eV. 
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10  A  with  L  =  300  ^H.  Thèse  values  occurred  10  ns 
after  rupture.  Similar  values  are  oblained  assuming 
that  the  current  is  carried  only  by  électrons  with  drift 
velocity  5. 10^  cm  s* A  current  of  10  A  gives 
n^.  =  10'^  cm"  ^  A  température  of  0.6  eV  is  consistent 
with  thèse  properties. 

For  a  gas  in  thermal  equilibrium  at  température  T, 
the  pressure  p  is  related  to  the  degree  x  of  lonization 
by  the  formula 


«,  =  X.N.P.213/T 

N  =  Loschmidt's  number  . 


Saha's  équation  gives 

=  3.16.10-^  T' 

1  - 


exp 


(6) 


(7) 


T  in  degrees  Kelvin,  E^,      in  electron-volts. 

Eqs.  (6)  and  (7)  can  be  solved  for  p  and  x  at  any 
instant. 

Curves  for  p,  n^,  vs.  t  are  generally  similar  to  those 
of  figures  8  and  9,  and  the  values  deduced  show  that 
vapour  pressures  of  0.5-1.0  atmosphères  exist  in  the 
gap  some  20  ns  after  rupture  (Fig.  10)  of  the  bridge 
during  which  at  least  l/20th  of  the  entire  bridge  is 
evaporated  during  rupture. 


Fig.  9.  —  Voltage  across  contact. 


The  distribution  over  a  cross-section  was  similar 
to  that  given  in  figure  6  and  the  électron  température 
was  about  6  900  K,  the  actual  vapour  température 
was  rather  less  than  this  because  of  the  departure 
from  complète  thermodynamic  equilibrium.  There 
were  very  small  variations  in  the  characteristics  of  the 
temperature-time  curve.  Température  could  be  esti- 
mated  for  times  greater  than  20  ns  after  bridge  rupture. 
Plasma  dimensions  were  estimated  by  the  methods 
described  above,  found  to  be  about  6  x  10'^  cm/A. 
Thèse  measurements  also  gave  a  value  of 

4  X  10^  cm  s"'  , 

for  the  latéral  growth  velocity  of  the  plasma,  which 
is  some  ten  times  higher  than  that  estimated  by 
high-speed  photography. 

Eq.  (4)  can  be  used  to  estimate  the  particle  density 
in  the  plasma  together  with  curves  similar  to  those  of 
figure  8,  and  values  ^  10"^- 10'^  ions/cm^  have 
been  found  at  the  radiation  peaks  with  a  current  of 


Time  (psec) 


Fig.  10.  —  Time-resolved  spectrograph  of  total  radiation  from 
microplasma  and  corresponding  deduced  particle  density  develop- 


These  results  are  consistent  with  the  occurrence 
after  bridge  rupture  of  a  succession  of  types  of  micro- 
arc  discharge  proposed  previously  to  account  for 
observed  complex  succession  érosion  of  the  pheno- 
mena.  The  expérimental  method  described  has  shown 
itself  to  be  a  useful  diagnostic  technique  applicable 
to  contact  arcs. 
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Résumé  -  Résultats  de  la  recherche  moderr^e  sur  la  foudre,  valeurs  statistiques  des  paramètres  des  impulsions 

du  courant  de  la  foudre,  leur  influence  sur  la  protection  contre  la  foudre. 

Problèmes  non  résolus  :  coup  de  foudre  p.lote  (steppe^  '-^-)v;'i:7,  f^^f^^"" 

montée  du  courant  de  la  foudre,  définitions  mternationales  des  notions  de  la  foudre. 

Abstract  -  Survey  on  results  of  modem  lightn.ng  research,  statist.cal  values  of  parameters  of  lightning  current 
s:;-:  St^^f  :t:;e:^r:r  •  veloC.,  nse  tim.  mternationa,  définitions. 

leader  may  have  iengths  of  100  m  or  more.  Sometimes 
upward  and  downward  leaders  miss  themselves  and  a 
so-called  loop  appears  in  the  photographs. 

The  observation  of  Connecting  leaders  is  in  relation 
with  the  notion  of  the  so-called  striking  distance 
on  which  there  is  still  controversion  among  the 
physical  engineers. 

The  highly  charged  leader  channel,  after  joining 
the  Connecting  leader,  discharges  then  abruptly  and 
initiâtes  the  return  stroke.  The  high  current  impulse 
at  its  earth  pomt  is  the  base  for  disposition  and 
dimensioning  of  most  lightnmg  protection  devices. 
Velocity  of  progression  of  the  return  stroke  is  very 
high,  about  10  ...  60%  of  velocity  of  hght. 

The  current  impulse  of  the  return  strokes  is  well 
characterized  by  4  parameters  : 

1)  Current  amphtude  /  (kA). 

2)  Rise  time  (^s)  or  current  steepness  d//d/  (kA/^is). 

3)  Electric  charge  |  /  dr  (C). 

4)  Current  square  impulse  |  i^ .  àt  (A^ .  s  or  kA^ .  s), 


First  part  :  Lightning  research.  —  How  is  lightning 
initiated  ?  What  is  reliable  knowledge  about  it  ? 
What  phenomenon  is  at  the  base  of  the  strong  electric 
field  which  causes  lightning  ? 

It  is  wellknown  that  during  a  thunderstorm  a 
strong  updraft  of  warm  humid  air  causes  production 
and  séparation  of  electric  charges  when  passing  a 
région  with  -  5  ...  -  10°  freezmg.  Négative  ions  or 
particles  remain  concentrated  in  restricted  areas  or 
cells,  light  positive  particles  follow  the  wind  and  are 
deposited  in  higher  and  calmer  régions.  This  is  the 
case  for  heat  thunderstorms  as  well  as  for  cold  or 
warm  front  thunderstorms. 

Between  negatively  and  positively  charged  clouds 
or  cells  an  electric  field  has  been  built  up  which  also 
influences  the  earth.  Above  flat  countries  the  field 
is  at  its  maximum  near  the  négative  cells.  With 
growing  space  charge  a  downward  progressing  dis- 
charge will  develop  :  The  leader  of  a  downward 
lightning  stroke.  Above  steep  mountams  or  high 
towers  the  induced  electric  field  below  the  négative 
cloud  may  grow  at  the  tower  tip  not  only  to  produce 
corona  discharges  (so-called  St-Elmos  fires)  but  also 
to  initiate  real  lightning  discharges,  so-called  upward 
strokes  or  upward  flashes.  Like  downward  leaders 
thèse  are  relatively  well  conducting  channels  out  from 
the  cell  with  a  speed  of  about  1/1  000  ...  1/3  000  of 
velocity  of  light  (  1 00  ...  300  m/ms  or  1 00  . . .  300  km/s). 
Discharges  which  do  not  reach  (strike)  the  earth  are 
cloud-flashes  ;  discharges  to  or  from  the  earth  are 
earth-flashes.  In  multiple  flashes  every  stroke  of  an 
earth  flash  is  initiated  by  a  leader  stroke  or  shortly 
leader.  Currents  in  négative  downward  first  leaders 
are  between  less  than  100  A  up  to  several  100  kA. 
Currents  in  upward  leaders  below  positive  clouds  may 
reach  1  000  A  or  even  more.  The  relative  well  conduct- 
ing leader  channel  is  often  on,  a  very  high  potential 
(<  100  MV).  When  it  approaches  the  earth  a  kind 
of  breakdown  will  happen.  More  exactly,  in  most 
cases  another  leader  will  initiate  at  the  earth,  growing 
upwards  and  joining  then  the  downward  progressing 
leader.  This  kind  of  upward  leader  iscalled  Connecting 
leader  (Fangentladung)  {décharge  d'interception).  On 
tall  structures  (TV-  or  Radio-Towers)  this  Connecting 


or  current  square  intégral,  in  USA  often  called 
action  intégral. 
The  signification  of  thèse  afore-mentioned  para- 
meters regarding  lightning  protection  is  as  foUows  : 
1  )  The  crest  value  of  lightning  current  îis  responsible 
for  ohmic  voltage  drops  especially  in  the  earthing 
ground  résistance  (50kA  x  lOQ  =  500  kV). 

2)  The  steepness  of  lightning  current  di/dt  déter- 
mines ail  kind  of  inductive  voltage  drops  :  Voltage 
drop  in  lightning  current  conductors,  induced  voltages 
on  magnetically  coupled  loops  a.s.f. 

(50kA/ns  X  lOtiH  =  500  kV)  . 


of  lightning 


3)  The  electric  charge  Q 
current  is  a  mesure  for  the  energy  which  is  transmitted 
by  the  lightning  arc  to  metallic  surfaces,  causing 
melting  efi'ects.  Charge  Q  is  responsible  also  for 
diff"usion  of  electric  fields  through  metallic  screens 
(skin  effect  screens). 
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'  j*     dt  is 


at  the 


4)  The  current  square  impulse 

base  of  every  mecanical  effect,  and  for  electncal 
impulse  heating  of  ohmic  resistors. 

Some  curves  on  frequency  of  occurrence  of  thèse 
parameters,  as  evaluated  from  the  Monte  San  Sal- 
vatore  research  are  given  in  annex  1  and  will  be 
reproduced  by  projection.  More  détails  are  available 
in  the  Bulletin  SEV  1972/1973/1978  and  in  the  Cigré- 
Electra  41  (1975).  Annex  2  to  this  Conférence  Paper 
présents  a  list  of  ail  principal  définitions  abour 
lightning  in  3  languages. 

According  to  the  available  measurements  from 
San  Salvatore,  some  approximate  values  which  cor- 
respond to  probabilities  of  occurrence  of  a  few  % 
may  be  given  as  follows  : 

d//d/  ~  lOOkA/^s    or    10^'  A/s, 

/  ~  150  kA. 

Analog  few  %-values  for  charge  and  current 
square  impulse  of  complète  flashes  are 

J/.d?  ^  150  Cb    (for  négative  flashes) 
|/.d/  ~  500  Cb    (for  positive  flashes) 
i\(it  ~  5  X  10^  A^s 


or  0.5  kA'^.s  for  négative  flashes 

j/^dr  ~  10^  A^s 

or  lOkA^.s  for  positive  flashes. 

For  engineering  purposes  it  is  necessary  to  remember 
that  positive  flashes  are  rather  seldom  in  the  flat 
and  warm  or  moderate  zones,  but  have  been  observed 
in  Sweden  and  Japan.  There  is  a  tendency  to  base 
usual  protection  on  négative  flashes  only. 

Second  part  :  Three  physical  problems  not  yet 
solved  sufficiently 

1)  The  problem  of  the  stepped  leaders. 

2)  The  problem  of  velocity  of  leader  and  return 
strokes. 

3)  The  problem  of  current  rise  in  first  and  sub- 
séquent strokes  (front  of  current  wave). 

1.  Stepped  leaders  are  observed  in  the  first 
stroke  of  négative  downward  flashes.  They  do  not 
appear  in  subséquent  leaders  if  the  no-current  interval 
between  strokes  is  less  than  1  or  2  tenths  of  a  second. 
They  reappear  with  smaller  steps  if  the  no-current 
interval  is  long,  say  several  tenths  of  a  second.  What 
is  the  reason  of  this  stepping  ? 

1 . 1  The  first  stroke-leader  has  to  open  the  lightning 
channel  by  ionisation  (corona  discharge)  and  to 
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Fig.  I.  —  Lightning  currents  (first  strokes). 
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Fig.  5.  —  Steepness  d/7d/(max)  of  713  négative  following  strokes  in  upward  flashes. 


IRVIY  ON  ACTUAL  KNOWLEDGE  AND  PHYSICAL  PROBLi: 
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produce  a  well-conducting  channel  (slreamer  or 
leader)  with  100  or  a  few  100  A  continuing  current. 

Stepping  is  a  kind  of  instability  in  this  channel 
progression.  It  may  be  caused  : 

a)  by  an  instability  in  the  long  feeding  arc  which 
supplies  the  corona-tip  of  the  channel  or 

b)  by  an  instability  during  transition  from  corona 
to  the  streamer,  before  or  near  the  tip  of  the  channel. 

Streak  camera-photographs  from  San  Salvatore 
show  the  most  bright  point  of  a  new  step  to  appear 
at  the  tip  of  the  new  step.  This  remembers  the  plasma 
formation  by  the  well-known  reversai  of  the  électron 
avalanches,  published  by  Meek  and  Raether.  But 
there  is  no  agreement  because  the  steps  with  lightnmg 
are  several  m  long  up  to  more  than  10  m  as  compared 
with  only  a  few  cm  in  the  lab. 

The  author  has  the  impression  that  in  the  transition 
process  the  energy  transmission  from  positive  ions 
to  the  gas  molécules  has  not  taken  into  account 
sufficiently  until  now.  Indeed  the  ions  do  not  ionise, 
but  accordmg  to  their  mass  they  may  transmit  the 
whole  kmetic  energy  they  got  in  the  electric  field, 
to  neutral  molécules  by  central  impulses.  Their  energy 
is  only  4  Jï  times  smaller  than  that  of  the  électrons 
because  of  their  smaller  free  kinetic  path.  But  their 
accélération  and  velocities  are  about  10*  times  smaller 
than  that  of  électrons.  Transmission  of  energy  to 
neutral  molécules  therefore  is  slowlier.  May  be  that 
in  the  normal  stepping  interval  of  40  ...  50  ^is  tran- 
sition of  energy  to  the  gas  molécules  i.e.  gas  heating 
near  the  avalanche  is  suffîcient  to  cause  an  appréciable 
enhancement  of  the  Townsend-Coeffîcient  a.  This 
initiâtes  an  instability  a  ^  local  gas  temp.  a.  The 
effect  is  analog  to  the  Meek-Raether-instability  but  it 
takes  more  time  (40  ^is  ?).  The  author  suggests  an 
analysis  of  this  effect  of  energy  transmission 
from  +  ions  to  the  gas  and  the  enhancement  of 
a-ionisation  until  the  fîeld  coUapses  in  a  new  step. 

1 . 2  Subséquent  strokes  dispose  of  an  appréciable 
residual  charge  of  ions  in  the  channel  and  in  the 
surrounding  corona-space  charge.  Furthermore  tem- 
pérature of  the  channel  is  still  enhanced.  Both  effects 
facilitate  ionisation  and  leader  transition  al  a  lower 
field  intensity.  This  opinion  is  proved  by  the  reap- 
pearance  of  steps  if  the  cooling  and  de-ionizing  time 
between  strokes  becomes  longer. 

2.  VeLOCITY  of  leaders  and  RETURN  STROKES.  - 

A)  Velocity  of  the  first  leader  is  determined  by  the 
stepping  process.  Between  two  steps  corona  pro- 
gresses rel.  slowly  at  about  100  ...  300  km/s. 

B)  Velocity  of  subséquent  leaders  is  at  least  10  times 
faster.  A  possible  explanation  is  residual  température 
and  residual  charge  within  the  channel  and  outside 
in  the  corona  shell,  which  could  not  be  extracted  by 
the  preliminary  stroke  completely. 


Mathematical  treatment  of  thèse  progression  velo- 
cities of  leaders  on  a  physical  base  is  extremely 
difficult. 

C)  Velocity  of  the  return  stroke,  which  is  between 
10  and  50  "„  that  of  light,  has  been  found  an  expéri- 
mental treatment  by  C  F.  Wagner  :  He  supposes 
the  energy  which  is  necessary  to  ionize  and  heat  the 
channel  to  be  able  to  carry  the  high  impulse  current 
of  10  to  200  kA  to  be  responsible  for  the  reduced 
velocity  of  waves  when  compared  with  the  velocity 
of  travelling  waves  on  a  metallic  conductor.  This 
energy  is  furnished  at  the  front  of  the  return  stroke 
travelling  wave,  and  therefore  cuts  permanently 
slices  of  charge  and  energy  from  it.  Some  measure- 
ments  of  this  phenomenon  were  made  in  the  high 
voltage  laboratory  with  rather  low  impulse  current 
values  of  a  few  kA  only.  An  energy  of  2  Ws  was  found 
to  be  necessary  for  each  cm  of  channel  and  each  kA 
of  impulse  current  (2  Ws  cm"  ^  kA" ').  Velocity  of 
return  strokes  is  calculated  on  this  base  in  function 
of  impulse  current. 

A  report  to  the  15th  European  Conférence  on 
Lightning  Protection  presented  2  weeks  ago  at 
Uppsala  by  R.  Fieux  confirms  some  corrélation 
between  current  amplitude  and  progressing  speed 
of  the  return  stroke  of  triggered  lightning  fiashes, 
corresponding  to  the  theory  of  C.  F.  Wagner  :  Energy 
absorption  in  the  front  of  the  travellmg  wave.  This 
theory  should  still  be  confirmed  by  direct  companson 
of  progression  velocity  and  return  stroke  measure- 
ments. 

1  was  much  interested  to  find  in  the  Journal  to  this 
Conférence  an  article  by  Mr.  P.  Hubert  and  G.  Monget 
about  measurements  from  St-Privat-d'Allier  of  return- 
stroke  velocities  in  function  of  current  (p.  C7421). 

2  flashes  with  a  total  of  1 1  impulse  currents  bet- 
ween 3-19  kA  were  analysed  :  ^ 

the  2  first  strokes  présent  velocities  of  about  20  /, 
of  velocity  of  light, 

the  9  subséquent  strokes  have  velocities  between 
23  and  47  7p  of  velocity  of  light, 
thèse  values  seem  to  confirm  the  theoretical  calculation 
by  Lundholm  and  Rusk  and  the  measurements  in  a 
laboratory  by  C.  F.  Wagner. 

3.  Current  front  (rise  time)  in  first  and  subsé- 
quent STROKES.  —  Shape  of  front  current  rise  does 
not  correspond  with  the  double  exponential  curve 
which  is  generally  admitted  for  calculations.  First 
strokes  always  begin  with  a  positive  exponential  rise. 
They  présent  a  slowlier  current  rise  (less  steep  wave 
shape  of  current)  than  subséquent  strokes.  The 
différence  is  at  least  one  order  of  magnitude  (at 
least  10  X  ).  Only  first  strokes  have  so-called  Connect- 
ing leaders  (Fangentladungen)  which  progress  from 
an  earthed  object  upward  towards  the  downcoming 
leader.  A  simple  treatment  of  the  resulting  current 
curve  bases  on  a  breakdown  between  earth  and  a 
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metallic  conductor  in  place  of  the  downcoming 
leader,  where  the  distance  to  the  meeting  point  is 
treated  as  a  simple  inductivity  L,  and  the  lightning 
channel  as  a  metallic  conductor  with  surge  impédance 
Z.  A  better  physical  treatment  of  this  striking  pheno- 
menon  with  a  physical  explication  of  Z  as  used  by 
C.  F.  Wagner  is  still  wanted. 

Subséquent  strokes  have  no  Connecting  leaders. 
Their  current  wave  has  front  durations  (rise  times) 
between  about  0,1  ...  1  \xs.  Thèse  values  do  not 
show  much  différence  with  those  of  travelling  waves, 
on  transmission  lines. 

The  différence  of  front  duration  between  first  and 
subséquent  leader  could  possibly  give  a  measure  for 
the  length  of  the  Connecting  leader. 

Regarding  steepness  of  currents  dijàt  there  is  a 
very  good  agreement  between  French  measurements 
at  St-Privat-d'Allier,  Italian  measurements  on  Mte 
Orsa  near  Varese,  and  our  1 1  years  statistiques  from 
Mount  San  Salvatore  in  CH. 

With  thèse  examples  of  still  open  problems  I 
thank  you  for  the  possibility  to  expose  our  lightning 
problems  to  your  international  cercle  of  physicists. 

Now  some  coloured  pictures  of  lightning  will  be 
shown. 

Annex  2 

I.  Lightning 

A.  Définitions. —  1.  Lightning. —  1.1  Lightning 
flash  is  an  atmospheric  discharge  consisting  of  one 
or  more  lightning  strokes  (single  stroke  flash,  multiple 
flash). 

1 . 2  Lightning  channel  is  the  path  of  the  lightning 
current  in  the  atmosphère. 

1 . 3  Lightning  stroke  {stroke)  is  a  partial  discharge 
in  a  lightning  channel,  led  by  a  leader  stroke. 

1.4  Leader  stroke  {leader)  is  a  pre-discharge  of 
low  light  and  current  intensity,  which  produces  the 
lightning  channel  of  the  lightning  stroke. 

1 . 5  Return  stroke  {main  stroke)  is  the  high  light 
and  current  intensity  discharge  foUowing  the  leader 
stroke. 

1 . 6  Connecting  leader  is  a  discharge  expanding 
towards  the  leader  stroke  of  a  downward  flash  from 
the  earth  or  from  earthed  objects. 


1 . 7  Downward  flash  is  a  lightning  flash,  whose 
first  leader  stroke  proceeds  from  the  cloud  to  the 
earth. 

1.8  Upward  flash  is  a  lightning  flash,  whose  first 
leader  stroke  extends  from  the  earth,  generally 
from  high  earthed  pointed  structures,  towards  the 
electrically  charged  cloud. 

1 .9  Point  of  strike  is  the  point  where  the  hghtning 
stroke  contacts  the  earth  or  an  earthed  object. 

2.  Lightning  current.  —  2.1  Lightning  current 
is  the  current  flowing  at  the  point  where  the  lightning 
strikes. 

2.2  Lightning  impulse  current  is  the  high  amplitude 
and  short  duration  proportion  of  hghtning  current. 

2.3  Continuing  current  is  the  current  of  low 
amplitude  and  long  duration  which  foflows  the  impulse 
current  without  interruption. 

2 . 4  Front  is  the  rising  part  of  the  lightning  impulse 
current. 

2 . 5  Tail  is  the  falling  part  of  the  lightning  impulse 
current. 

2 . 6  Rise  time  {front  duration)  is  the  time  from  the 
beginning  until  the  peak  value  of  the  lightning  impulse 
current  is  reached. 

2.7  Lightning  flash  duration  is  the  time  from  the 
beginning  of  the  first  lightning  stroke  to  the  end  of  the 
last  lightning  stroke. 

2 . 8  Current  peak  {lightning  current)  is  the  maximum 
value  of  the  lightning  impulse  current  /. 

2 . 9  Current  steepness  {current  rise)  is  the  maximum 
value  of  the  rise  of  the  lightning  current  d//d/(max) 
during  the  rise  time  (steepest  tangent  to  the  current 
curve). 

2.10  Electric  charge  of  a  lightning  flash  is  the 
intégral  of  the  lightning  current  over  the  flash  duration 

2.11  Current  square  impulse  is  the  intégral  from 
the  square  of  the  current  over  the  time  dt. 
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Abstract  -  A  short  review  of  the  rcsults  of  analytical  and  numerical  investigations  of  Langmu.r  turbulence  .s 
given  The  presented  theory  of  the  strong  electrostatie  turbulence  is  based  both  on  the  concept  of  Langmmr  collapse 
fs  a  nonlmear  stage  of  modulation  mstab.hty  and  on  the  results  of  computer  exper.ment  wh.ch  prov.des  a  con  .- 
nuous  transition  from  the  collapse  concept  (concentrated  m  averaged  dynamical  équations)  to  conditions  of  an 
actual  experiment  sufficiently  well  described  by  Vlasov  équations. 


The  présent  report  is  a  review  of  results  of  analytical 
investigation  and  computer  simulation  of  Langmuir 
turbulence,  which  is  one  of  the  fundamental  concep- 
tions of  plasma  physics.  The  question  of  the  nature 
of  Langmuir  turbulence  is  highly  important  both 
from  the  gênerai  theoretical  and  practical  points  of 
View.  It  is  sufficient  to  refer  to  that  principal  part 
which  it  plays,  for  example,  in  interaction  of  plasma 
with  intense  électron  beams  and  electromagnetic 
waves  (including  laser  waves). 

The  title  of  the  report  emphasizes  the  fact  that  for 
an  adéquate  understanding  of  Langmuir  turbulence 
it  is  impossible  to  confine  oneself  by  its  weak  turbulent 
description,  which  leads  to  physical  paradoxes  in  a 
number  of  cases. 

Kinetic  équations  for  weak  turbulent  plasma  were 
derived  in  early  1960.  Later  thèse  équations  were 
investigated  in  a  number  of  papers  (see,  for 
example  [1-3]).  The  paradoxical  conclusion  about 
unlimited  accumulation  of  Langmuir  oscillations  in 
a  small  wave  number  région  foUows  from  thèse 
publications  (if  a  level  of  turbulence  is  not  extremely 
small). 

Principal  resolution  of  this  paradox  was  given  in  [4], 
where  a  concept  of  Langmuir  collapse  was  stated 
and  averaged  équations  for  dynamical  description 
of  a  plasma  were  derived.  Being  relatively  simple  thèse 
équations  were  convenient  for  their  theoretical  and 
numerical  analyses.  Soon  it  became  clear  that  this 
concept  (which  seemed  to  be  very  disputed)  required 
for  its  testing  and  development  a  wide  usage  of 
methods  of  computational  plasma  physics. 

The  particle  method  used  in  the  présent  report  is 
based  on  a  direct  simulation  of  self-consistent  plasma 
behaviour  [5,  6]  (so-called  computer  experiment) 
and  it  is  free  of  limitations  of  the  approximate  theory. 
Therefore  this  method  is  an  independent  and  ralher 


effective  tool  which  provides  continuous  transition 
from  collapse  concept  (concentrated  in  averaged 
dynamical  équations)  to  the  conditions  of  actual 
experiment  sufficiently  well  described  by  Vlasov 
équations.  In  the  présent  report  the  latest  achievements 
of  the  computer  experiments  are  presented. 

Before  the  main  content  of  the  report,  the  brief 
review  of  the  gênerai  theory  of  turbulence  in  non- 
linear  média  is  presented  (§  1).  Discussion  of  the 
Langmuir  turbulence  theory  (§§  2-4)  is  based  both  on 
results  of  averaged  theory  and  computer  experiments. 
More  détails  of  the  latter  are  presented  in  §§  5-7. 


1 .  About  turbulence  in  physics.  —  The  concept  of 
turbulence  arised  in  hydrodynamics.  During  last 
two  décades  it  gradually  penetrated  into  other  fields 
of  physics,  and  first  of  ail  in  plasma  physics.  At  the 
présent  time  it  includes  phenomena  most  of  that  do 
not  resemble  classical  hydrodynamical  turbulence. 
Thus  it  is  usefull  to  try  to  give  a  gênerai  physical 
définition  of  the  turbulence  which  would  reflect  the 
more  significant  properties  of  the  phenomenon. 
We  shall  consider  only  a  developed  turbulence, 
leaving  aside  the  problems  of  its  origin  (such  interest- 
ing  problems  as  stochastic  attractors  including). 

A  developed  turbulence  may  arise  in  ail  continuous 
média  where  dissipation  processes  are  sufficiently 
small,  and  generally  in  a  wide  class  of  a  Hamiltonian 
nonlinear  dynamical  Systems  with  many  degrees  of 
freedoms. 

Phenomena  arising  when  an  intense  laser  puise 
passes  through  nonlinear  dielectric  is  a  fine  (although 
unexpected)  example  of  turbulence. 

The  turbulence  is  described  statistically.  But  this 
description  does  not  draw  a  theory  of  turbulence  and 
stalistical  mechanics  together.  A  state  of  a  dynamical 
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System  with  a  developed  turbulence  is  rather  far  from 
a  State  of  thermodynamical  equilibrium.  It  is  hopeless 
to  try  to  describe  this  state  using  thermodynamical 
language,  because  the  notion  of  effective  température 
of  turbulence  has  no  physical  sensé.  In  conditions  of 
developed  turbulence  some  of  the  degrees  of  freedoms 
are  excited  many  orders  more  intensively  than  the 
others.  Thèse  degrees  of  freedoms  tend  to  give  super- 
fluous  energy  (which  they  obtain  from  external  source 
which  feeds  the  turbulence)  to  the  other  degrees  of 
freedoms,  and  the  latter  give  this  energy  to  an  environ^ 
ment.  Thus,  studying  any  type  of  turbulence  it  is  very 
important  to  study  dissipation  mechanisms  by  which 
a  turbulent  system  losses  its  energy.  Thèse  are  those 
mechanisms  that  define  qualitative  character  of  turbu- 
lence spectrum,  though  in  the  energy  containing 
région  the  dissipation  is  usually  small.  In  the  simplest 
cases  the  dissipation  is  provided  by  linear  mechanisms. 
For  example,  in  hydrodynamics,  where  dissipation  is 
provided  by  viscosity  in  high  wave  number  région. 
The  energy  flux  is  directed  to  this  région  from  the 
energy  containing  région  of  the  spectrum.  In  other 
more  complicated  cases  the  dissipation  is  provided 
by  nonlinear  mechanisms.  Thus  in  the  case  of  surface 
water  waves'  turbulence  the  energy  is  dissipated  by 


white-capping  ;  in  acoustic  turbulence  case  —  by 
formation  of  shock  waves.  Sometimes  nonlinear 
dissipation  mechanisms  may  be  rather  refined.  The 
example  is  a  collapse  of  Langmuir  waves  which 
provides  the  dissipation  of  Langmuir  turbulence. 

A  principal  point  for  the  classification  of  différent 
turbulent  states  is  a  division  of  the  turbulence  in  a 
weak  and  a  strong  one.  Weak  turbulence  is  described 
by  wave  kinetic  équations  and  it  is  the  most  simple 
for  an  analytical  study.  Définition  of  strong  turbulence 
is  purely  négative  —  it  is  any  turbulence  which  is 
not  weak. 

The  important  point  for  a  study  of  turbulence 
of  any  type  is  an  analysis  of  intégrais  of  motion  of  a 
dynamical  system  with  developing  turbulence.  Tur- 
bulence spectrum  is  defined  by  values  of  fluxes 
of  thèse  intégrais  of  motion  in  high  or  low  frequency 
régions. 

Let's  consider  the  main  types  of  the  weak  turbulence 
occurring  in  physical  problems.  Let  turbulence,  deve- 
loping in  some  nonlinear  médium,  be  an  excitation 
of  one  type  waves  with  dispersion  law  œ^,  which 
permits  three-wave  interactions 

=  «^A,  +  <^/c2  '      k  =  kl  -h  k2  .  (1) 


Then  the  médium  is  described  by  Hamiltonian 


H  =  ^oj^  al  dk  +  ^Vi^k^k.i^t  «t,  «a,  +  «*  )  ^^(^  ~  ^\  ~  ^2)  d/f  d^i  d/cj 
Weak  turbulent  description  of  system  (2)  is  given  by  kinetic  équation 


(2) 


~  =  St{n,  n)  -y,n,  +  f,.  (3) 
Here  «jt  =  <  1     |  >,  y^,  ./^-phenomenologically  introduced  damping  and  external  force,  and 

St{n,  n)  =  In  j*|  r^^,^^  1^  («^^  n^^  -     n^^  -  ô(k  -  k^  -  /cj)  à{a>^  -  cu^,  -  oj^J  dA:,  d^2  + 

+  4  7:  Jl  V^^^^,  1^  {n^^  rii^^  +  -     h^,)  d{k  -  A  ,  +  k2)  Sico^  -  w^,  +  cu^J  d^i  dÂTj  . 


Criteria  for  application  of  eq.  (3)  are  rather  délicate  [7]. 
In  any  case,  it  is  necessary  for  it  that  cubic  term  in 
the  Hamiltonian  (2)  should  be  considerably  smaller 
than  a  quadratic  one.  However  for  the  linear  dispersion 
law  ojfc  =  k  the  eq.  (3)  has  no  région  of  applicability 
at  ail  [8]. 

In  the  isotropic  case  the  system  (2)  has  the  single 
nontrivial  intégral  H  (energy)  ;  in  weak  turbulent 

approximation  H  =  dk.  Usually       is  high 

for  high  k,  and/^  is  high  in  the  région  of  small  k.  In  this 
case  in  the  most  of  physical  situations  the  spectrum 


is  controlled  by  the  only  value  which  is  the  energy 
flux  P  in  the  région  of  high  k  and  it  •  of  the  Kolmo- 
gorov  type.  If  dispersion  law  =  k',  s  >  l  is  a 
power  function  and  V{ek,  ek^,  ekj)  =  Vik,  k^,  kj) 
is  a  uniform  function  of  power  then  Kolmogorov's 
spectrum  in  inertial  région  of  intermediate  k  may  be 
found  analytically. 

From  dimensional  analysis  it  follows 

ën.  d 

oiv  k^  ^  =  ^  P  ,       P  =  constant . 

ôt  dk 
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Now  it  is  easy  to  find 


exact  solution  n,  =  Tjœ,  (thermodynamically  equi- 
librium  Rayleigh-Jeans  distribution)  is  physically 
(4)  meaningless.  Now  suppose  that  tripple  processes 
are  forbidden  and  only  four-wave  processes  may 
occur 

It  is  notable  that  the  spectrum  (4)  is  the  exact  solu-  ,^  ^  ,^  +  k,  . 

tion  of  the  équation  St{n,  n)  =  0  [9].  Alternative        co,  +  co,,  -  c,,  +  k  +  k,      k,  +  3 


1  hen  the  Hamiltonian  of  the  system  has  the  form 

H  =  jco,  a,  at  dk  +  1/2  j^^'a.M^     al  ...  -,  k ,  -  k,  -  k,)  dk  dk ,  dk,  dk,  . 

Now,  together  with  H,  wave  action  intégral  is  conserved 

/  =  jl     I'  dk  . 
In  this  case  the  coUisional  term  in  the  kinetic  équation  has  the  form 


Apart  from  an  évident  and  physically  absurd  (in 
turbulent  problems)  spectrum 


(8) 


;  ô((o^  +  co^,  -  (Ok,  -  c^k,)       "^^'2  "^^5  • 


(5) 


(6) 


(7) 


-k^  +  œ. 


this  expression  vanishes  for  the  uniform  function 

Wiek,  ek„  ek^,  ek,)  =  e"  lV{k,  k„  k2,  k^) 


if  we  take  the  two  power  spectra  [10,  11] 

pl/3  gW3 


(9) 


The  first  of  thèse  spectra  has  the  same  meaning  as  (4) 
and  corresponds  to  the  constant  energy  flux  in  the 
région  of  high  k.  Simultaneous  existence  of  mte- 
grals  H  and  /  leads  to  the  fact  that  along  with  the 
energy  flux  in  the  région  of  high  k  there  should 
exist  the  flux  Q  of  the  intégral  /  in  the  région  of 
small  k.  The  second  of  the  spectra  (9)  corresponds  to 
the  constancy  of  this  flux.  The  frequency  co,  in  (5) 
is  determined  to  within  an  addition  of  an  arbitrary 
constant.  If  a  physical  dispersion  law  is  such  that 
co{0)  #  0  then  the  paradox  arises  —  an  infinité 
amount  of  energy  accumulâtes  in  a  région  of  small  k 
as  time  passes.  To  remove  this  energy  some  non- 
linear  mechanisms  of  dissipation  are  required,  such 
as  a  collapse  of  Langmuir  waves  (see  §  3). 


Analogous  paradox  arises  for  the  third  typical  case  of  the  wave  turbulence.  It  is  the  case  of  an  interaction 
of  high  frequency  and  low  frequency  waves.  In  such  a  case  the  Hamiltonian  of  the  System  has  the  form 


(10) 


H  =  jo.,  a,  at  dk  4-  jo,  h,  ht  dk  +  jr,,„,  {b,  a„  al  +  h*  al  aQ  x  ô(k  +  k,  -  k,)  dk,  dk, 
Here  Q,  and  h,  are  the  dispersion  law  and  the  amplitude  of  low  frequency  waves.  Kinetic  équations  for  weak 
turbulence  now  have  the  form 

|i +  |(T.,.,  -  Wdt.d*, 

dt  J 

j^^^^^  =  2  7C  I  r,,,,,  I'  {n,  n,^  -  n,  N,^  -  n,  TV,,)  ô{k  -  k,  -  k,)  ô{oi,  -  0;,,  -  . 
Qualitative  properties  of  the  solutions  of  the  system  (1 1)  are  sim.lar  to  that  of  eq.  (3H7),  for  in  the  system  (10) 
the  intégral  of  wave  action  is  also  conserved  [12]. 
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There  is  a  rather  interesting  case  when  a  damping 
of  low  frequency  waves  y"  is  comparable  to  their 
frequency  Q^-  In  such  a  case  A^^  <^  and  the  value 
of  may  be  expressed  explicitly  :  (5-function  is 
spreaded  in  frequency  domain  to  width  y". 

The  équation  for     takes  the  form  [1,  13] 

^jf  +  %n,^f,  (12) 

where 

%  =  yk+  ^T^k'  ««'  àk' 
Tkk'  =  -  T,.,  =  j((t)k,kk'  -  (t>k,k'k)  dk2 

and  the  renormalized  value  f^.  contains  (except  for  /J 
cubic  terms  in  n,,,  and  it  is  rather  small  for  small  w^. 

2.  Langmuir  turbulence.  Averaged  description.  — 

The  study  of  Langmuir  turbulence  is  important  from 
several  points  of  view.  For  fast  methods  of  plasma 
heating  (by  an  électron  beam  or  laser  radiation)  the 
energy  is  initially  transfered  to  Langmuir  waves, 
and  in  most  cases  the  physics  of  adopting  of  this 
energy  is  entirely  determined  by  developing  Langmuir 
turbulence  [14-17].  It  détermines  such  fundamental 
quantities  as  relaxation  length  of  électron  beam, 
laser  radiation  reflection  coefficient  and  the  form  of 


électron  distribution  function  of  heated  plasma.  It 
is  probably  just  Langmuir  turbulence  which  is  pre- 
sumably  responsible  in  the  most  cases  for  the  appea- 
rance  of  hot  électrons  (Fig.  1)  that  are  so  trouble- 
some  for  a  controlled  thermonuclear  fusion. 

From  the  other  hand,  Langmuir  turbulence  is  one 
of  the  most  simple  types  of  plasma  turbulence  and  in 
general-one  of  the  most  investigated  examples  of  a 
turbulence,  which  doesn't  resemble  a  turbulence  in 
an  incompressible  fluid. 

For  constructing  the  theory  of  Langmuir  turbu- 
lence it  is  convenient  to  use  simplified  plasma  équa- 
tions, that  can  be  obtained  by  averaging  of  kinetic 
équations  with  respect  to  the  fast  time  1/cOp  (see  [4]). 
The  main  averaging  parameter  is  the  small  wave 
number  such  that  {kX^f  <^  1.  The  other  parameter 
is  the  density  of  the  energy  of  oscillations 

WInT  ~  E^/S  nnT. 

If  WjnT  <^  1  the  resuit  of  averaging  of  Vlasov- 
Poisson  équations  for  électrons  leads  to  the  linear 
équation 

^[il't  +  /y^  f  +  ^     Af  j  =  ^  div  ôn  V»P  . 

(13) 

Here  "F  is  a  complex  amplitude  of  high  frequency 
potential,  ôn  is  a  variation  of  électron  density  in  slow 
motions,  y^  is  an  intégral  operator  describing  a  linear 
(Landau  and  collisional)  waves'  damping 


80  160 

X/D 

Fig.  1.  — Part  of  the  électron  phase  plane  and  electron/ion 
density  profiles  in  the  one-dimensional  case  of  parametnc  pumping 
near  the  électron  plasma  frequency  [14-16].  (Stage  of  the  high  ener- 
getic  électron  tails  formation.) 


...  j. 


y^(r  -  r')  f  (r')  dr' 


7(0  =     7^(/c)exp(-  ikOàk. 


(14) 


If  a  plasma  is  stable  in  linear  approximation  relatively 
to  excitation  of  Langmuir  waves  then  y^(/:)  ^  0. 
From  (13)  a  priori  relation  follows 


\k\^  \         ék  +  U\\k\^\      \^dk  =  0  (15) 


which  shows  that  in  présence  of  density  non-homo- 
geneities  (of  ion  sound),  the  Langnuiir  waves  cannot 
be  excited.  In  particular  from  this  tact  the  impossibility 
of  excitation  of  Langmuir  turbulence  bv  an  ion-sound 
one  follows,  though  the  inverse  process  (conversion  of 
Langmuir  waves  into  ion-sound  waves)  is,  of  course, 
possible.  The  eq.  (13)  does  not  contain  électron 
nonlinearities.  To  estimate  their  rôle  let's  note  [18] 
that  the  condition  (kÀ^y  <^  1  can  be  rewritten  in  the 
form 

(16) 

The  accounting  of  électron  nonlinearities  leads  to 
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addmg  of  an  oscillatory  speed  to  a  beat  speed.  In 
this  case  the  condition  (16)  is  replaced  by 


which  is  équivalent  to  the  condition 


Therefore  the  équation  improving  (13)  contains  the 
expansion  into  parameters  (kÀ^f  and  (/c/Id)^  W/nT. 
The  first  term,  nontrivial  as  compared  to  (13),  has 
the  order  {kXof  WInT  [18,  10].  It  is  interesting  that 
in  a  purely  one  dimensional  problem  it  is  identically 
vanished  [14,  10].  If  the  distribution  of  Langmuir 
oscillations  is  quasi  one-dimensional  with  charac- 
teristic  angle  d  <  1  then  the  order  of  the  first  term 
of  an  électron  nonlinearity  is  O^OiX^f  WjnT.  This 
leads  to  the  conclusion  that  électron  nonlinearities 
are  usually  unimportant.  For  closure  of  the  eq.  (13) 
it  is  necessary  to  have  an  équation  for  Ôn.  Strictly 
speaking,  it  should  be  a  kinetic  équation  for  ions.  But 
if  the  intensity  of  an  ion  sound  is  not  too  high 
(<5n/«  <^  1)  one  can  use  the  linear  wave  équation 


.2f,--c,^.J    <3«  =  -— ^-zl|V•^'|^  (17) 

"  dt  J  lÔTtM 


where  y,  is  an  operator  of  sound  damping.  If  y,,  -  0, 
the  conservation  law 

jl  Vf  l^dr  =  0,    ||  Vf  l^dr  -  /  (18) 

follows  from  the  eq.  (13).  If  in  addition  %  =  0,  the 
System  (13),  (17)  is  of  the  Hamiltonian  form.  The 
transition  to  canonical  variables  can  be  performed 
by  means  of  the  relations 

_8^/_«o_y'^  fce-d^ 
(2  n)'^'  \2  mœj      J  k 

^"      Un)'''  S\2McJ 
The  HamiUonian  has  the  form  (10)  and 

co,         k''\k,  k,) 


(19) 


■  (2  71)3/^  {2MnoC,y"  \k,\  \k2\ 


(20) 


In  a  long  wave  région  kXo  <  (m/My  one  can  ] 
to  the  static  approximation 

1  I  V7ir/  |2 


16  TtMc^ 


(21) 


The  eq.  (13)  is  transformed  to  the  form 

,(,^,  +  ^..^A^)  .  -  ^  ^d,vvn  Vï'  P  .  (22) 

The  eq.  (22)  is  of  the  Hamiltonian  form  because  the  changing  of  variables  according  to  (19)  yields  the  System  (5) 
where 

e'  jkk^)  {k,  k^)  +  (kk2){k,  k,) 

^""'^^"^  =  -  Smœ,{T,  +  T,)       | /c  |  |  ^,  1  I -^2  I  I  ^3  I 


The  existence  of  the  additional  intégral  of  motion  in 
plasma  /  leads  to  the  fact  that  the  Langmuir  plasmon 
flux  is  directed  into  a  région  of  small  k.  This  flux  is 
the  main  parameter  of  a  weak  turbulence  spectrum. 
A  detailed  structure  of  the  spectrum  dépends  on  the 
relation  between  électron  and  ion  températures. 
When  Ti  ~  T„  the  turbulence  is  described  by  the 
kinetic  eq.  (12)  [1-3,  18,  19].  Because  of  a  small  value 
of  À,  the  stationary  solutions  of  the  eq.  (12)  have 
a  rather  unusual  character.  Thèse  solutions  are 
singular.  They  are  confined  on  jets  in  the  /c-space, 
i.e.  on  surfaces  (two  dimensional  jets)  or  on  lines 
(one  dimensional  jets)  [13,  20]  extending  from  the 
région  of  a  high  wave  number  to  the  région  of  a 
small  one.  The  thickness  of  the  jets  dépends  on  the 


value  of /fc.  The  characteristic  time  for  establishing 
of  jets'  spectra  is  rather  high  [20,  21]. 

It  is  remarkable  that  the  energy  distribution  on 
jets  needn't  be  smooth  at  ail.  The  jets  may  have 
(and  they  actually  have)  the  additional  fine  structure 
—  the  spectrum  has  the  form  of  spots  [20]  located 
on  jets.  In  some  cases  the  jets  are  chains  of  descrete 
peaks  along  which  the  energy  transfer  takes  place. 
A  plasma  with  a  developed  turbulence  of  this  type 
resembles  a  multimode  laser,  more  than  an  active 
turbulent  fluid.  The  narrowness  of  spectral  peaks 
may  lead  to  its  modulation  instability  and  to  further 
development  of  a  phenomena  like  a  self-focusing. 

Character  of  a  jets  spectrum  is  illustrated  in 
figure  2,  where  the  resuit  of  numerical  solution  of 
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Fig.  2.  —  Lines  of  constant  In  N(k,  x)INo  for  the  case  of  pumping 
by  a  relativistic  électron  beam  [20]. 


the  eq.  (12)  for  the  case  of  excitation  of  Langmuir 
oscillations  by  a  relativistic  électron  beam  is  pré- 
sentée!. Characteristic  spectrum  spots  size  is 

In  a  nonisothermal  plasma  (T,-  <^  T^)  the  picture 
of  the  spectra  is  more  complicated.  The  turbulence 
is  described  by  the  System  of  eq.  (11).  This  System 
may  have  singular  as  well  as  regular  solutions. 
Amidst  the  latter  are  Kolmogorov's  spectra  (see  [12])  : 


QV2 
'1^ 


(23) 


Hère  a  and  P  are  constants,  Q  is  the  flux  of  a  number 
of  Langmuir  plasmons  in  the  région  of  small  k.  The 
concrète  sélection  of  a  solution  is  determined  by  a 
condition  of  an  excitation  (by  an  angular  width  of 
instability  incrément  which  générâtes  the  turbulence). 
But  in  ail  the  cases  the  theory  of  a  weak  turbulence 
predicts  an  accumulation  of  plasmons  in  the  région  of 
small  k. 

3.  Collapse  of  Langmuir  waves.  —  In  the  frame- 
work  of  the  theory  of  weak  turbulence  it  is  impossible 
to  solve  the  paradox  of  an  accumulation  of  Langmuir 
plasmons  in  the  région  of  small  wavenumbers.  Until 
now  we  have  not  yet  discussed  criteria  of  an  applica- 
bility  of  the  weak  turbulent  description.  Thèse 
criteria  are  rather  strict.  It  is  necessary  to  satisfy  the 
conditions  [4] 


(where  Ak  is  the  width  of  the  spectral  peak)  in  the 
relations  (24)  and  (25). 

When  the  Langmuir  plasmons  are  accumulated  in 
the  région  of  small  k  the  criteria  (24)  and  (25)  are 
violated.  The  fact  of  a  modulation  instability  of 
Langmuir  waves  is  well  known  [22].  A  uniform  (with 
k  =  0)  Langmuir  oscillation  is  unstable  relatively  to 
the  development  of  disturbancies  with  a  characteristic 
space  size  L,  where  (Àp/L)^  ~  W/nT.  The  growth  rate 
of  the  instability  has  the  order  of  y  ~  cOp  W/nT  for 
W/nT  <  m/M  and  y  ~  cOpim/M.  W/nT)"^  for 

W/nT  >  m/M  . 

Obviously  the  instability  can  be  developed  also  for 
wave  packets  of  a  finite  size  only  if  W/nT  >  {kÀ[,)^. 

Collapse  of  Langmuir  waves  is  a  nonlinear  stage 
of  a  modulation  instability  development.  In  the  most 
physical  situations  the  inclusion  of  nonlinear  terms 
stabilizes  an  instability  development.  But  an  opposite 
effect  is  also  possible  when  nonlinearity  accélérâtes  the 
instability  development  and  leads  to  explosion  effect, 
i.e.  to  a  formation  of  singularity  during  a  finite  time. 
Totality  of  analytical  and  computer  investigations 
shows  that  it  is  true  in  the  case  of  a  nonlinear  stage 
of  modulation  instability.  As  a  resuit  of  its  develop- 
ment there  arise  collapsing  cavities  in  plasma,  i.e. 
the  régions  of  low  density  that  are,  in  essence,  closed 
resonators  for  Langmuir  oscillations.  Thèse  cavities 
are  axissymmetrical  and  flattened  approximately  in 
proportion  3  :  1  [23-27].  The  field  in  the  cavity  is 
constructed  like  the  field  in  a  plane  condenser  and  in 
the  centre  of  the  cavity  this  field  is  directed  along  its 
short  axis.  The  results  of  a  numerical  computation 
are  presented  in  figures  3,  4.  During  the  formation 
of  a  cavity  the  foUowing  stages  take  place. 

3.1  Stage  of  subsonic  collapse.  —  This  stage 
takes  place  when  the  initial  amplitude  of  Langmuir 
wave  is  sufficiently  small  {W/nT  <  m/ M).  On  this 
stage  the  cavity  collapses  according  to  the  self-similar 
law  [4,  24] 


8  nnT     tr,  -  / 


(26) 


and  the  static  condition  for  density  variations  is 
fulfilled 


(27) 


.  <  (/t/„)^    if   {kkoY  <  - 


(24) 


the  cavity  tends  to  form  an  integrable  density  singu- 
larity in  plasma 


^<k?.t,{m/My''    if  {kkof 


(25) 


(28) 


If  the  spectrum  is  narrow,  one  should  replace 


The  subsonic  stage  is  over  when  the  intensity  of 
oscillations  in  the  centre  of  cavity  reaches  the  value 
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W/nT  ~  m/ M.  The  dimension  of  the  central  part  of 
the  cavity  has  the  order  /o  ~  À^{M/my'\  It  turnes 
out  that  then  the  energy  e.  ^  {M/mY'^  TÀ^  is  concen- 
trated  in  the  central  région. 


a 


Pig  3  _  Typical  collapse  pictures  (pattem  of  =  constant) 
obtained  by  numencal  solution  of  the  averaged  dynamical  équa- 
tions ;  a)  single  caviton  [24]  ;  h)  many  cavitons  of  various  phases 
in  the  présence  of  Z-oriented  pump  [30]. 


Fig.  4.  —  Cavitons  in  a  turbulent  cell  resulting  from  the  modula- 
tion instability  of  a  single  electrostatic  wave  (2D  double-periodic 
computer  simulation  [25]).  a)  Cross-sections 

w{X,  Y)  =  E\X,  y)/8  7t«o  T  =  constant  ; 

h)  n(X,  Y)  =  constant.  The  distances  between  two  neighbonng 
linesw  =  0.05,  n  =  0. 1 .  The  external  curves  correspond  to  vt-  =  0.2, 
n  =  0,9. 

3.2  Stage  of  supersonic  collapse.  —  When 
W/nT  >  m/M  the  collapse  changes  into  a  so-called 
supersonic  stage.  On  this  stage  the  Laplacian  in  the 
wave  équation  can  be  neglected. 

The  cavity  collapses  according  to  the  self-similar 
law  [4,  17,  24],  and  the  growth  of  density  variations 
falls  behind  from  the  growth  of  Langmuir  oscillations 
intensity  [4,  16]. 

-~  (29) 

no     Uo-tf"  V('o-0"V 

iL^_J_/^f       -    ^  V  (30) 

tlT        Uo  -  0         \(/n   -  -  I 


Collapsing  at  the  supersonic  stage  takes  place 
without  energy  losses.  Outside  the  cavity  the  divergent 
Sound  wave  is  formed.  The  supersonic  stage  continues 
until  the  inverse  dimension  of  the  cavity  /c^,,  grows  so 
considérable  that  Landau  damping  rate  bccomes 
approximately  equal  to  the  growth  rate  of  modulation 
inslability  which  characlerizes  the  rate  of  cavity 
contraction 

y^od  ~  oj^{mW/MnT)'i^  . 

Then  the  dimension  of  the  cavity  does  not  decrease, 
and  Langmuir  oscillations  in  the  cavity  are  burnt 
down  [25,  29,  30].  But  as  ions  pushed  out  of  the  cavity 
have  a  considérable  inertia,  the  density  variation  in 
the  centre  of  the  cavity  continues  to  increase  up  to 
the  value 

àn/no  ~  (^^ax  h?  ■ 

Outside  the  cavity  a  divergent  sound  wave  is 
formed.  The  energy,  which  is  equal  to  the  (/c^ax  ^of 
part  of  the  total  energy  absorbed  in  cavity,  is  trans- 
mitted  to  this  ion  sound  wave.  This  stage  of  collapse 
évolution  can  be  called  a  fly-away  stage.  On  the  fly- 
away  stage  the  collapse  générâtes  sound  [25,  29].  If  P 
is  the  energy  flux  into  plasma  due  to  collapse,  the 
acoustic  turbulence  results  with  the  intensity 

W,  =  j{k^.,^kD?.  (31) 

If  in  the  beginning  W/nT  >  m/M  the  collapse 
begins  immediately  from  the  supersonic  stage  [23,  43]. 

Collapse  is  a  very  eff"ective  mechanism  of  absorbing 
of  Langmuir  waves.  It  brings  the  damping  y^^  in  a  wave 
System  which  can  be  estimated  according  to  the 
relations  [4,  24]  : 

y,ff  ~  o)p{W/nTfi^  {M/mY'^  ,    W/nT  <  m/M  (32) 

y,ff  ~  Wp{Wm/nTMY'^  ,    ^MT  >  m/M  . 

This  damping  is  quite  sufficient  to  absorb  the  energy 
flux  supplied  to  a  turbulence.  The  final  damping 
mechanism  is  Landau  damping  [14-17,  30].  One  can 
say  that  the  cavity  contraction  is  a  process  of  energy 
transfer  from  the  région  of  small  wave  numbers  to  the 
région  of  high  ones. 

If  there  is  a  lot  of  cavities,  the  spectrum  [17,  24] 

n,  ^  {W,/nTY'^  {M/mY''  oj^  Pk'"^'  (33) 

is  formed  in  the  région  of  high  k,  where  P  is  the  density 
of  energy  dissipated  in  plasma.  In  spite  of  the  external 
similarity  of  this  spectrum  to  the  Kolmogorov's  type 
of  spectra,  the  spectrum  (33)  has,  of  course,  a  diff'erent 
physical  nature. 

It  is  necessary  to  stress  that  a  collapse  picture  is 
essentially  a  three-dimensional  one  and  it  can  not  be 
constructed  on  the  basis  of  one-dimensional  theory 
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(like  the  theory  of  solitons  and  their  interactions). 
It  is  also  necessary  to  note  that  solitons  are  unstable 
in  the  relation  to  transverse  disturbances  and  that  the 
development  of  this  instability  leads  to  désintégration 
of  soliton  into  collapsing  cavities  [26,  31-34].  Never- 
theless,  m  the  présence  of  pumping  which  orients  the 
cavities'  small  axis  along  the  electric  field  the  collapse 
can  take  a  quasi  one-dimensional  character  [29-31, 
35,  38,  39]. 

The  value  k„^^  is  defined  by  the  form  of  the  électron 
distribution  function.  In  Maxwellian  plasma 

(/c^ax^o)"^  -2-3. 

But  if  there  are  accelerated  électron  tails  in  plasma, 
the  value  of  k„^^  decreases.  Picturesquelly  speaking, 
plasma  in  a  developed  Langmuir  collapse  state  is  a 
stochastic  hnear  accelerator. 

Effective  quasilinear  équation  for  électrons  in  the 
présence  of  collapse  has  the  form 

dt      V   dv  dv 
where  for  the  subsonic  collapse  the  relation 

D{v)  ^  (M/m)'/^  (P/nT)  v^{v/vrf''  (35) 

for  the  stationary  distribution  function  the  /  ~  C/i'^'^, 
and  the  number  of  particles  diverges  for  the  high  v. 
Thus  for  a  collapse  damping  mechanism  ail  the  energy 
put  into  plasma  is  spent  on  the  accélération  of  a  small 
number  of  hot  électrons. 

Now  let's  consider  the  effect  of  absorption  of 
Langmuir  waves  which  competes  with  collapse.  It  is  a 
conversion  of  Langmuir  waves  into  ion-sound 
ones  [37].  Conversion  brings  an  effective  damping 

Here  is  a  density  of  sound  energy,  )\  is  Landau 
damping  for  Langmuir  waves  of  the  same  wave  length 
as  the  Sound  wave.  For  the  total  energy  flux  into 
plasma  P  we  have 

P  ^  Py  +  )'conv  W  (36) 

where  Py  is  the  energy  absorption  in  coUapses. 

Let  us  consider  ail  the  sound  turbulence  to  be 
generated  by  collapses.  Then  it  follows  from  (31)  that 

P  ^P,{\  +  y,  Wly.nT). 

Thus  conversion  competes  with  collapse  if 

mm  ^  yjy,  (37) 

where  y*  ^  oOpiW^^^  mlnTMY'^  is  the  damping  which 
stops  the  collapse.  l'sing  the  self-similar  relation 


we  can  rewrite  the  condition  (37)  in  the  form 

W/nT  >  -  im/My^*  (/c_  Xo)'"'  (38) 

where  is  the  sound  frequency.  In  the  isothermal 
plasma  the  relation  (38)  gives 

W/nT  >  {mlMfi^  (/c^ax  A^)"' ■ 

For  the  extremely  nonisothermal  plasma 

WInT  >  {mlMf'^{k^.,,Xor^'^  . 

One  can  see  that  conversion  can  complète  with 
collapse  only  for  a  sufficiently  high  Langmuir  turbu- 
lence level  when  accelerated  électrons  are  absent 
(when  k^^^  Ad  is  not  too  small).  An  additional  cause 
increasing  y,  and  limiting  the  conversion  is  a  breaking 
of  acoustical  waves  and  appearence  of  accelerated 
ions  responsible  for  a  sound  damping  (see  §  7). 

4.  Collapse  of  envelopes  and  parametric  instability. 

—  It  is  well  known  (see  [4,  22])  that  a  monochromatic 
Langmuir  wave  is  subjected  to  a  modulation  instabi- 
lity. The  Langmuir  collapse  concept  permits  to 
understand  the  further  development  of  this  instabihty. 
Let  Eq  be  the  wave  intensity  and  ko  be  the  wave  num- 
ber. If  E^/S  nnT  >  {k^  À^f,  the  resuU  of  instability 
will  be  a  development  of  collapsing  cavities  with  the 
initial  size  of  the  order  of  magnitude  kô\  and  a  fast 
wave  damping.  But  if  E^/S  nnT  <  (ko  À^f  the  resuit 
of  the  modulation  instability  will  be  three-dimensional 
self-focusing  of  the  wave  which  implies  the  develop- 
ment of  the  density  pits  with  the  initial  size 

L  ~  Ao(£o'/8  nnT)-''' 
which  essentially  exceeds  the  wave  length.  This 
phenomenon  can  be  called  a  collapse  of  envelopes.  As 
the  collapse  of  envelopes  developes,  the  wave  inten- 
sity in  the  centre  of  each  pit  increases  until  of  the 
conditions  of  ordinary  collapse  are  satistîed.  Under 
thèse  conditions  inside  the  initially  large  cavity  small 
cavities  arise  with  sizes  of  the  order  of  magnitude  of 
the  wave  length  and  this  leads  to  the  wave  energy 
damping.  If 

L  ~  AoiE^/S  nnT)-"' 

the  effective  collision  frequency  can  De  estimated  by 
the  formula  (32). 

In  spite  of  theoretical  prédictions,  until  now  the 
formation  of  a  ,  long- wave  Langmuir  condensate 
was  not  observed,  even  for  small  amplitudes  of  the 
excited  waves  [30].  This  can  be  explained  by  a  singular 
nature  of  weak  turbulence  spectra,  which  follows 
from  eq.  (12),  and  by  the  development  of  the  envelope 
collapse. 

Let's  consider  this  phenomenon  using  an  example  of 
turbulence  which  arises  due  to  the  development  of 
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païametiic  inslabilities  in  plasma.  Il  was  a  subject  ol 
numerous  investigations  both  numerical  and  analy- 
tical  for  the  reasons  of  the  importance  of  this  problem 
for  the  problem  of  controUed  laser  fusion  (see,  for 
example  [40-42,  14-17,  29,  31,  44,  45,  49]). 

Let  a  plasma  be  excited  by  the  uniform  electric  field 
£0  oscillating  with  frequency  co  >  Wp  and 

for  an  isothermal  plasma.  Then  the  weak  turbulence 
theory  can  be  applied  (see,  for  instance  [20])  which 
predicts  a  one-dimensional  line  spectrum  in  a  form  of  a 
System  of  spectral  Unes  (peaks)  equidistantly  located, 
with  the  distance  between  each  other  of  the  order  of 

~  {mlMy^lXo  and  which  fiUs  a  segment  (/c.  -  A') 
of  the  axis  parallel  to  Eq.  Withm  the  weak  turbulence 
framework  the  width  of  each  peak  is  equal  to  zéro, 
and  the  intensity  is  W^nT  ^  £0/8  nnT. 

Each  of  the  peaks  expériences  the  modulation 
instability  and  the  resuit  of  it  is  an  extension  of  the 
peak  up  to  the  value  ôk,  (ôkÀo)^  ^  E^/S  nnT,  which 
is  smaller  than  the  distance  between  the  peaks,  so  the 
spectrum  conserves  the  line  structure  (*). 

But  the  most  important  conséquence  of  the  modu- 
lation instability  is  a  coUapse  of  envelopes  which  leads 
to  a  nonlinear  damping  of  the  spectral  peaks. 

If  one  is  not  interested  in  a  fine  structure  of  the 
spectrum,  it  is  possible  to  go  to  the  rough  difterential 
approximation  in  eq.  (12)  [13,  19].  It  is  convenient  to 
Write  down  this  for  a  nondimensional  quantity 

/,  ~  4  nk^  cOpim/MY^^  nJnTXo 

which  is  the  relative  energy  density  on  a  scale  k^ 
corresponding  to  one  of  the  peaks.  We  have 

(39) 

where  a  is  a  nondimensional  constant. 
Stationary  solution  of  this  équation  is 

4  ^  (l/a^)(m/M)V4(A  -  A*)^ 

The  constant  k*  >  k^  should  be  found  out  of  the 
matching  conditions  with  the  first  peak.  This  gives 

(m/M)V[a'  X^ik*  -  k^f]  ^  E^/SnnT. 

It  can  be  seen  that  the  width  of  the  spectrum  (k*  -  k^) 
decreases  with  the  growth  of  (£0/8  ^nT)  and  the 
intensity  at  A:  =  0  tends  to  some  limit  and  rather  small 
value 

7(0)  ~  (m/M)^/(Ao  ^of 

which  explains  the  absence  of  an  observed  condensate 
in  computer  experiments. 

(*)  It  is  necessary  to  note  that  as  Langmuir  waves'  group  velocity 
exceeds  the  sound  speed,  the  modulation  instability  is  entirely 
a  transverse  one. 


For  £0/8  ^>^^  ~  '^1^  ^'^  ^""^^^ 
Xlik*  -  Ao)'  - 

i.e.  the  spectrum  consists  of  one  or  two  peaks. 

Thèse  peaks  bccomc  wider  due  to  this  modulation 
instability  and  actually  they  eventually  merge  into  a 
continuous  spectrum.  The  total  turbulence  intensity 
becomes  of  order  E^/S  nnT. 

Then  with  the  further  increasing  of  pump  level,  if 

mjM  <  E^/S  nnT  <  (Aq  A^)^ 
the  turbulence  spectrum  is  a  monochromatic  wave 
broaded  due  to  coUapse  of  envelopes  to  the  value 

(S,  X„y  ^  E^/nT  . 
The  case  of  a  high  pumping 

Ell%  nnT  >  (k^  A^)' 
corresponds  to  the  fully  developed  strong  turbulence 
when  coUapses  with  cavity  sizes  equal  to  the  wave 
length  as  regards  of  order  of  magnitude  arise  every- 
where  with  equal  probability. 

5.  Subject  of  computer  experiment.  —  Actually, 
computer  simulations  of  strong  turbulence  processes 
have  been  carried  out  from  early  1970.  In  1970  ano- 
malous  high  absorption  of  energy  of  long  wave  Lang- 
muir disturbances  occurred  in  the  computer  experi- 
ment [41],  which  was  impossible  to  understand  in  the 
framework  of  weak  turbulence  theory.  Later,  high 
energy  électron  tails  were  observed  in  paper  [42]  where 
a  parametric  action  on  plasma  was  discussed.  This 
phenomenon,  together  with  the  rôle  and  the  mecha- 
nism  of  delivering  of  plasmons  from  a  long  wave 
part  of  spectrum  to  the  short  wave  région,  was  comple- 
tely  explained  two  years  later. 

First  observation  of  the  density  cavities'  formation 
(as  a  resuit  of  action  of  hf  ponderomotive  force)  and 
the  usage  of  this  fact  for  explanation  of  the  mechanism 
of  the  short  wave  plasmon  pumping  and  of  électron 
tails  génération  were  presented  in  the  computer 
experiments  [14,  15].  The  obtained  picture  of  the  non- 
linear self-focusing  of  Langmuir  waves  was  in  a 
complète  agreement  with  the  collapse  concept  [4]  as  a 
nonlinear  stage  of  the  modulation  instability  [22]. 
The  latter  circumstance  in  its  turn  stimulated  an 
increasing  interest  in  the  studies  of  strong  turbulent 
régimes.  One  may  say  that  a  number  of  computational 
papers  related  to  this  problem  was  mostly  oriented 
directly  to  the  study  of  spécifie  properties  of  Langmuir 
collapse  and  of  its  rôle  in  the  mechanism  of  an  ano- 
malous  absorption  of  wave  energy  by  turbulent 
plasma.  Numerical  solutions  of  averaged  dynamical 
équations  [23,  24]  have  demonstrated  a  gênerai  vali- 
dity  of  the  collapse  concept,  but  at  the  same  time  thèse 
solutions  show  that  a  nonlinear  self-focusing  of 
Langmuir  oscillations  actually  rather  soon  takes  the 
solution  out  from  the  région  of  the  validity  of  the 
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averaged  description,  because  the  parameters  (^A^)^ 
and  W/nT  cease  being  small.  The  necessity  to  study 
energy  distribution  mechanisms  in  cavities,  i.e.  the 
détails  of  wave-particle  interactions,  also  required  a 
kinetic  approach  to  the  problem. 

Thus,  a  construction  of  the  closed  strong  turbu- 
lence theory  required  a  création  of  a  bridge  between 
the  collapse  concept,  related  to  the  averaged  équation, 
and  laboratory  or  numerical  experiments,  with  real 
wave-particle  interactions  without  any  limitation  of 
values  of  amplitudes,  scales  and  the  degree  of  non-  « 
linearity. 

Below  we  shall  show  that  computer  simulation  of  a 
plasma  by  the  superparticle  method  [5,  6]  represents 
such  a  bridge.  Particle  methods  are  based  on  Vlasov 
kinetic  équations  for  ion  and  électron  distribution 
functions  /;,<,(r,  v,  /)  and  self-consistent  electroma- 
gnetic  field  équations.  From  the  letter  it  is  sufficient 
to  retain  a  single  Poisson  équation  for  scalar  potential 
C(r,  t)  for  the  considered  electrostatic  plasma  : 

+   ^--^  =  0'      «  =  /,  e 

ot        ôr     m„  or  dy 

AC  =  4  7r«o  Z     /,  dv  . 

The  idea  of  the  superparticle  method  is  extremely 
simple.  A  phase  space  (r,  v)  for  an  électron  (ion)  plasma 
component  at  the  initial  moment  of  time  î  =  0  is 
divided  into  non-intersecting  cells.  and  total 
charges  and  masses  of  ail  the  real  particles  at  the  each 
cell  are  attributed  to  one  superparticle.  Solving  the 
Vlasov  équation  by  the  method  of  characteristics  one 
can  step  by  step  follow  dynamical  trajectories  of  ail 
the  superparticles  in  the  phase  space,  recomputing 
them,  using  an  electromagnetic  field  at  every  time  step. 
Thus,  on  the  one  hand,  it  is  possible  to  follow  a  self- 
consistent  time  évolution  of  a  space  electromagnetic 
field  picture,  and,  on  the  other  hand,  to  reproduce 
plasma's  own  charges  and  currents. 

The  presented  program  of  computer  experiments 
was  compiled  in  such  a  way  as  to  try  to  reduce  the 
total  amount  of  computations  maximally  already  at  the 
stage  of  the  statement  of  the  problem  using  analytical 
results  of  the  plasma  instabilities'  and  Langmuir 
collapse  théories.  Here  the  two  points  play  a  principal 
part  : 

(a)  Evolution  of  Langmuir  oscillation  spectrum 
at  the  nonlinear  stage  of  the  modulation  instability 
to  the  shortwave  région.  Thus  the  statement  of  the  pro- 
blem of  the  évolution  of  an  isolated  (periodically 
repeated  in  space)  plasma  région  with  relatively  small 
sizes  (with  the  scale  L  of  the  order  of  45-60  Debye 
lengths)  is  physically  reasonable.  Thèse  régions  are 
the  so-called  turbulent  cells. 

(h)  The  known  analytical  resuit  [46]  (confirmed 
later  also  by  computer  calculations  [47])  on  stopping 
of  a  propagating  soliton  or  the  tendency  of  a  trans- 
formation of  a  propagating  Langmuir  wave  to  a 


standing  one  with  radiation  of  ion-sound  oscillations. 
This  permits  to  consider  standing  waves  évolution  as  a 
rather  gênerai  problem,  when  investigating  collapse. 

Below  we  mainly  consider  the  two  types  of  pro- 
blems  : 

1)  On  génération  of  turbulence  in  closed  Systems, 
i.e.  in  the  Systems  with  the  fixed  total  energy,  where  as 
the  source  of  turbulence  stands  out  the  energy  con- 
tained  in  unstable  degrees  of  freedoms. 

2)  On  plasma  turbulization  in  open  Systems,  for 
example,  in  parametric  unstable  plasma  configurations 
with  an  external  pumping  wave  of  a  constant  intensity. 

As  the  main  purposes  of  kinetic  computations  it  is 
naturally  to  list  :  I)  the  expérimental  check  and  refine- 
ment  of  the  main  prédictions  of  the  theory  based  on 
the  collapse  concept  ;  2)  the  détermination  of  appli- 
cability  bounds  of  averaged  équations  ;  3)  the  obtain- 
ing  of  quantitative  characteristics  like  a  caviton  size, 
energetics  and  a  form  of  électron  tails,  effective  colli- 
sion frequency  and  so  on  ;  4)  the  discovery  of  new 
effects  (for  example,  génération  of  ion-sound  turbu- 
lence at  the  kinetic  collapse  stage  [25, 29])  which  may  be 
important  as  a  part  of  a  gênerai  theory  ;  5)  the  pro- 
gress  in  creating  of  hybride  models. 

In  the  last  point,  we  draw  attention  to  the  fact  that 
the  results  and  the  expérience  of  the  computer  simula- 
tion permit  in  some  problems  to  return  again  to 
averaged  équations  (having  knowledge  about  kinetic 
effects  and  dissipation  mechanisms)  and  to  enlarge 
considerably  the  région  of  its  applicability,  taking 
into  account  the  damping  effectively  (for  example  as 
it  was  donc  in  (13),  (14))  and  describing  the  ion 
kinetics  in  more  détails. 

Because  of  the  limited  space  of  the  présent  paper 
we  give  only  the  statement  of  the  problem  and  brief 
comments  of  the  main  results,  paying  more  attention 
to  the  results  that  were  presented  in  the  previous 
paragraphs  more  scantily. 

6.  Evolution  of  a  standing  monochromatic  wave  of 
a  large  amplitude.  —  Let  us  consider  in  X,  Y-geometry 
the  problem  of  electrostatic  plasma  oscillations  in  a 
cell  of  size  L  x  L  with  periodic  boundary  condi- 
tions [25].  Both  électrons  and  ions  have  a  Maxwell 
velocity  distribution  corresponding  to  the  tempéra- 
tures and  7,.  At  the  initial  moment  of  time  /  =  0 
a  one-mode  disturbance  is  introduced  in  the  électron 
distribution,  as  a  resuit  of  which  the  function  /^(r,  v,  t) 
takes  the  form 


(41) 


V  is  an  integer. 
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Siich  a  wave  is  modulationally  unstable  (§  4)  if 

The  development  of  this  instability  for  /  >  0 
has  been  studied  also  in  the  one-dimensional  and 
three-dimensional  geometries  [48,  43]  for  différent 
values  of  parameters  L,  Vo/vj,  TJT,,  m/M.  Let's  note, 
that  the  reduced  ratio  =  M /m  should  not  quahtati- 
vely  influence  the  dynamics  of  the  Langmuir  collapse, 
if  the  condition  n  p  \  is  preserved,  because  the  modu- 
lation growth  rate  y^„,  =  œJmW/MnTY"  and  the 
magnitude,  inverse  to  the  characteristic  time  of  ions 
delay  t"'  *  n"'  (Op,,  are  equally  dépendent  on  n. 
But  this,  however,  doesn't  refer  to  the  characteristic 
times  of  électron  nonlinearities  [18]  : 


and  therefore  the  dimensions  of  cavities  and  the  con- 
centration degries  of  their  electrostatic  énergies  may 
be  rather  différent  for  différent  values  of  n. 


Computer  experiments  of  this  type  show  that  on 
the  basis  of  a  primary  regular  one-mode  régime, 
when  the  condition  (42)  is  satisfîed,  complicated  multi- 
modc  picture  arises,  as  a  rule,  typical  for  a  turbulence 
hierarchy  (Fig.  5-13). 

A  considérable  amount  of  energy  is  captured  in 
cavities  to  the  formation  of  that  the  enrichment  of  the 
electrostatic  oscillation  spectrum  with  high  wave 
numbers  is  related.  A  typical  pattern  of  constant  level 
Unes  E'IS  nnT  and  «./«o  for  one  smgle  turbulent  cell 
(i.e.  for  the  région  L/v  x  L/v)  is  shown  in  figure  4. 
The  average  small  halfwidth  of  cavities  (in  direction 
of  the  dipole  moment)  is  5  -r  8  A^- 

The  principal  point  was  the  discovery  with  the  help 
of  computer  expenment  of  the  fact  that  the  cavity 
which  has  become  empty  (as  a  resuit  of  fast  absorption 
of  its  high-frequency  fiUing  by  hot  électrons  according 
to  the  Landau  mechanism)  générâtes  a  weakly  dying 
shortwave  ion  sound  for  >  T,  because  of  a  consi- 
dérable ion  inertia  [25]  (Fig.  5,  14-16).  This  particular 
(in  the  case  when  there  exists  a  continuous  energy 
flux  into  plasma)  may  lead  to  the  accumulation  of  the 
lon-sound  energy  and  to  the  appearance  of  the  mecha- 
nism of  the  Langmuir  waves  conversion  in  lon-sound 
ones,  which  competes  with  collapse  (see  §  3,  7). 

Figure  6  shows  the  typical  time  dependence  of  main 
energetics  quantities  :  wave  energy  densities  and  also 
ion  and  électron  énergies.  The  most  part  of  the  energy 


Fig.  6.  -  Evolution  of  a  single  wave.  Energy  densities  in  2D 
(top  [25])  and  3D  [43]  cases. 
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is  transfered  to  the  électron  tails.  The  ratio  of  énergies 
transfered  to  ions  and  to  électrons  correspondingly  is 
AKj/AK^  X  0.04.  This  ratio  is  practically  independent 
of  TJT^.  The  value  A^,  may  contribute  either  to  the 
acoustic  {T^  ^  T;)  or  to  the  heat  (T,  k  7^)  energy 
of  ions. 

It  is  interesting  to  note  that  in  the  runs  with  v  >  1 
(where  the  conditions  of  computer  experiments  permit 
a  pumping  of  energy  into  the  région  of  k,  smaller  than 
ko  =  InvjL)  the  energy  flux  through  the  spectrum 
into  the  région  of  great  values  of  k  was  two  orders. 
higher  (Fig.  7). 


Fig.  7.  —  Spectrum  E^  ,,  vs.  k'^  on  the  stage  of  cavitons'  formation. 
V  =  4,  «  •  »  and  «  +  »  dénote  cases  =  T,  and  =  25  7",, 
k  =  nk'/90  Ao- 


Three-dimensional  calculations  with  the  same  para- 
meters  show  a  complète  qualitative  similarity  with 
the  two-dimensional  picture,  but  in  the  3D  case  the 
collapse  goes  on  more  intensively  (the  comparison  of 
focusing  rates  and  the  effective  collision  frequency  is 
given  in  figures  6,  10).  But  this  similarity  disappears 
when  passing  from  the  2D  to  the  ID  case  [48]. 

Let  us  note  once  more  that  the  method  of  the 
investigation  of  the  Langmuir  turbulence  via  the 
model,  in  which  superfluous  energy  is  introduced 
artificially  in  a  modulationally  unstable  mode  at 
/  =  0  (see  (41)),  is  quite  justified.  As  it  can  be  seen 
from  figure  13  qualiîâtively  the  same  picture  anses  by 
a  natural  way,  for  example,  in  a  problem  on  nonlinear 
development  of  the  électron  beam  instability  in 
counters  treaming  cold  plasmas  [50]. 

Finer  efîects  of  a  convective  character  arise  in  a 
problem  on  the  interaction  of  plasma  with  gentle 
électron  beams  at  the  expense  of  the  corrélative  pro- 
cesses [51]. 


Fig  ^)  Spccu  uni  /\  ,  m  a  lurbulcnt  cell  resullini;  from  ihc  single 
standiiii:  \vj\c.  i  I  .  i  -A  /  „  ,  labels  »,  v  ».  .<  r  » 
dénote  tinie  nioiiieius  ol  eavitons'  formation,  maximal  self-focusing 
and  Landau  dampiiig  respectncly. 


90  m 

Fig.  8.  —  Comparison  of  cavity  piclures  («,(.v,  .v)  =  constant) 
the  cases  TJT^  =  25  (top)  and      =  7,-  ;  v  =  4. 
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V,  (Or}., 

Fig.  13.  —  Cavities'  formation  in  the  région  occupied  by  cold 
counterstreaming  plasmas. 


7.  Caviton  turbulence  in  the  présence  of  a  pump 
wave.  —  Let  us  consider  a  time  évolution  of  a  flat 
spatially-periodical  plasma  layer,  0  ^  x  ^  L,  in  the 
given  external  field 


Fig.  1 1.  —  Stochastic  picture  of  cavitons  at  the  stage  of  developed 
turbulence  in  2D-case  (Unes  of      =  constant,  v  =  4). 


Fig.    12.    -    Typical   pattem    C('<^.  .V- ")  =  constant,  (a, 

,)  ^  constant  ih)  for  the  case  of  3D  turbulent  cell  [43] 
(L  =  45  Ap). 


E(x)  =  Eq     cos  Wo  t , 


In  such  a  statement  of  the  problem,  where  the  two 
important  points  are  presented  together  —  a  constant 
mtensity  of  an  external  energy  source  (non  closed 
System)  and  the  présence  of  the  given  direction  (the 
direction  of  pumping  wave)  -  qualitative  features  of 
the  turbulent  régime,  stipulated  by  the  modulation 
instabihty  appear  even  in  the  ID  geometry  [29].  So  far 
as  in  the  ID-geometry  with  a  constant  total  energy 


400 


800  0 
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Fig. 


14.  -  Quasicollapse  in  2D-geometry  [31], 

1  -  Electrostatic  energy,  3  -  électron  energy. 

2  Total  energy  assimilated  by  a  plasma  System  du( 
external  pump  (a  and  h  correspond  to  X-.  K-direct.o 
indicatcs  the  pump  Icvel),  Bclow-timc-depcndcncc, 
second  and  Ih.rd  harmonies  of  .on  density  which  demonstrale  an 
aperiodic  charactcr  of  the  parametnc  instab,l.ty  and  the  ion  sound 
excitation  on  the  kinetic  stage  of  the  quasicollapse. 


f  the  firs 
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(in  the  absence  of  a  pump  wave)  an  usual  collapse 
is  forbidden  by  intégrais  of  motion  [4,  24],  we  shall 
call  the  nonlinear  self-focusing  of  Langmuir  waves  in 
the  présent  case  as  quasicollapse  or  forced  collapse. 
Below  we  shall  use  the  results  of  the  computer  simu- 
lation of  the  problem  of  quasicollapse  both  in  the 
\D{X)  and  2D(X,  Y)  geometries  [31]. 

It  is  interesting  to  consider  this  process  for  relatively 
weak  pumpings 

(ÂTo  XoY  ,       mIM  <  E^/S  «r  «  1  , 

where 

ko  =  2n/L  ^  0.1  Aô'  • 

As  it  can  be  seen  from  figures  14-19  a  joint  action  of 
parametric  and  modulation  instabilities  leads  to 
caviton  structure  of  Langmuir  waves  excited  in  plasma. 
The  maximum  density  of  electrostatic  energy  averaged 
over  the  whole  plasma  volume  considerably  exceeds 


0  X  60 

Fig.  15.  —  Time-evolulion  of  the  ion  density  profiles        /)  [29]. 


(5-6  times)  the  energy  density  in  pump  wave.  The 
dynamics  of  an  isolated  caviton  is  shown  in  figure  16. 


-,25 


E^/lôiTn  T  ,8n./n 
o    e       1  o 

/ 

0  400       cj  t 


Fig.  16.  —  Plots  off^CO  and /îj(0  for  the  central  point  ofoneof  the 
lD-cavities[29]. 


It  is  interesting  to  note  that  the  instability  of  ID- 
solitons  relative  to  transverse  disturbances  [32-35] 
shows  (when  quasicollapse  takes  place)  already  in  the 
process  of  cavitons'  formation  [31]  (Fig.  17,  18).  The 
growth  rate  of  this  instability  is  in  agreement  with  the 
growth  rate  of  the  modulation  instability  in  such  a 


Y 


Fig.  17, —  The  cross-sections  £^(.v,  >•)  =  constant  (top)  and 
ni(x,  y)  =  constant  in  a  case  of  X-oriented  pump  field  [31]. 
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Fig.  18.  —  Time  dependence  of  a  space  averaged  density  distur- 
bance  factor  in  X-  (curve  1)  and  7  (curve  2)-directions,  characteriz- 
ing  anysotropy  of  considered  system  [31].  The  arrow  on  underlying 
picture  dénotes  the  moment  when  the  pump  is  switched  ofif. 


where 


Fig.  19.  —  High  energetic  électron  tail  formation 
of  a  strong  pump  [44].  2D-case,  £o/8  nnT  =  1/2, 


n  the  présence 


(Fig.  19),  and  the  system  passes  to  a  threshold  state. 
After  that  the  energy  of  the  pump  wave  continues  to 
feed  plasma  mainly  by  the  shortwave  conversion  of  the 
electrostatic  oscillations  due  to  the  collapse-generated 
shortwave  oscillations  of  ion  density.  A  typical 
spectrum  of  spatial  disturbancies  of  the  ion  density 
at  différent  stages  of  the  collapse  is  shown  in  figure  20. 


way  that  at  ail  the  stages  of  the  cavity  growth  the  ratio 
of  its  dimensions  is  maintained  and  IJly  =  3  -r  4, 
which  is  close  to  the  anisotropy  index  of  individual 
two-  and  three-dimensional  cavities  of  a  dipole 
type,  which  foUows  from  calculations  without  pump- 
ing  wave  [25,  24,  43].  Thus  the  main  cause  of  the 
stabilizing  action  of  pumping  wave  (of  quasi- ID 
picture  of  forced  collapse)  is  not  a  damping  of  the 
transverse  instability  but  a  preferred  orientation  of 
the  cavitons"  eiectric  field  along  Eq.  As  a  resuit,  in  such 
Systems  the  énergies  transfered  to  électrons  in  X- 
and  r-directions  are  in  the  approximate  proportion 
7/2.  When  switching  ofif  the  pumping  takes  place,  the 
isolated  direction  disappears  and  the  caviton  distri- 
bution in  directions  tends  to  an  isotropic  one  (Fig.  \Sb). 

How  does  Langmuir  collapse  proceed  in  real 
conditions  ?  The  numerical  experiment  confirms  the 
décisive  rôle  of  the  criterion 


A  nonlinear  self-focusing  of  Langmuir  waves  at  the 
supersonic  stage  occurs  slower  than  if  it  goes  accord- 
ing  to  the  self-similar  law  (30).  Here  the  inertial  ion 
lagging  A/  «  naj^^  '  plays  part,  which  often  may  be 
comparable  with  the  characteristic  time  of  collapse 
ïmJd  [25],  [29]  and  a  résonance  absorption  of  energy 
of  the  sh'ortest  modes  by  électrons  already  in  the  pro- 
cess  of  caviton  formation  is  also  important.  The 
average  halfwidth  of  a  formed  cavity  turnes  out  to  be 
of  the  order  10-15  A^.  According  to  the  Landau 
mechanism  the  onset  of  high  energetic  électron  tails 
increases  the  threshold  of  the  parametric  instability 


Fig.  20.  —  Typical  spectrum  of  ion  density  disturbances  befor 
(dashed  line)  and  after  the  cavity  contraction  [29], 


Now  let  us  try  to  estimate  by  means  of  the  com- 
puter experiment  the  possibility  discussed  in  §  3  of 
accumulation  of  an  ion  sound  in  a  system  with  collaps- 
ing  cavitons.  In  particular,  there  arises  a  question  if 
the  competing  mechanism  of  conversion  can  suppress 
the  forced  collapse  in  the  absence  of  fast  électrons  in  the 
System. 

The  answer  to  this  question  can  be  obtained,  for 
example,  by  exciting  standing  sound  waves  in  the 
initial  plasma  state  in  a  prescribed  way,  and  then 
changing  the  length  and  amplitude  of  thèse  waves. 
Computations  show  that  an  intense  sound  in  the  wave 
length  band  5  -  20  can  lag  a  cavity  formation, 
decreasing  the  growth  rate  in  1.5-2  times.  They  also 
show  that  this  sound  can  decrease  approximatly  at  the 
same  ratio,  the  value  of  the  maximum  density  W^^^ 
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at  which  a  saturation  takes  place.  But  we  have  never 
managed  to  observe  a  complète  damping  of  the 
quasicoUapse  in  our  computer  experiments.  An 
attempt  to  obtain  it  by  further  increasing  of  the 
Sound  intensity  led  mostly  to  non-linear  breaking  of 
ion-sound  oscillations.  This  process,  accompanied 
by  a  capture  and  accélération  of  ions,  is  apparently 
the  main  mechanism  which  limits  the  accumulation 
of  the  ion  sound  in  a  turbulent  plasma  for      ^  7]. 


Fig.  21.  —  Ion  wave  breaking  as  a  resuit  of  the  fast  absorption 
oîhf  caviton  energy  by  the  résonant  électrons  [29]. 

The  capture  condition  permits  to  obtain  a  simple 
estimate  for  the  critical  amplitude  of  the  Fonder 
component  [52]  of  the  ion  density  disturbance  : 

The  maximum  value  of  ôn^^  turnes  out  to  be  rather 
sensitive  to  the  value  f,  characterizing  an  effective 
velocity_  of  hot  ions  (for  the  Maxwell  distribution 
Vi  =  y/3  r'j-.).  Let  us  stress  that  as  the  computer 
experiment  shows,  the  first  hot  ions  arise,  as  a  rule, 
when  breaking  of  an  ion  wave  convergent  to  the  centre 
of  an  empty  cavity  takes  place,  i.e.  during  the  géné- 
ration process  of  the  considered  sound  oscillations. 

Summing  up,  we  may  draw  the  conclusion  that  in 
concrète  Systems  with  a  developed  strong  Langmuir 


turbulence  the  final  conditions  for  the  balance  between 
collapses  that  générale  fast  particles  and  conversion 
fiUing  up  the  région  of  beat  velocities  dépend  on  a 
concrète  form  of  steady  (both  :  électron  and  ion) 
distribution  functions,  i.e.  thèse  conditions  have  an 
essentially  kinetic  nature.  It  is  remarkable  that  such 
a  balance  can  be,  in  principle,  externally  afifected,  if 
one  has  a  possibility  to  change  a  hot  particle  concen- 
tration of  either  sign  in  a  désirable  way. 

The  one-dimensional  computer  experiments  [29] 
were  repeated  in  the  1  -I-  1/2-dimensional  case  when  a 
magnetized  plasma  is  in  an  external  magnetic  field  Bq 
which  was  normal  to  the  pump  wave  [53].  The  case 
^bJ  >  kçy  —  OA  was  considered.  It  has  been 
shown  that  for  a  pumping  frequency  close  to  an  upper 
hybride  one,  the  excitation  of  a  parametric  instability 
takes  place,  on  the  nonlinear  stage  of  which  cavitons 
may  arise,  where  the  electrostatic  energy  is  located. 
The  main  différence  from  the  case  Bq  =  Ois  connected 
with  a  wave  energy  damping  mechanism.  Instead 
of  .the  Landau  damping  (which  is  absent  in  the  plane 
normal  to  Bq)  it  is  a  stochastic  mechanism  of  heating 
(which  conserves  the  Maxwell  form  of  distribution 
function)  that  plays  the  main  part. 


8.  Conclusion.  —  At  the  présent  time  one  can 
State  with  confidence  that  the  results  of  computer 
simulations  confirm  the  gênerai  concept  of  Langmuir 
coUapse  and  permit  to  résolve  paradoxes  arising  in  the 
weak  turbulence  theory.  One  can  hope  that  the 
further  development  of  this  concept  together  with 
extensive  computer  experiments  will  permit  to  under- 
stand  (what  partly  has  already  been  donc)  the  picture 
of  a  strong  plasma  turbulence  under  conditions  of 
différent  levels  and  methods  of  its  excitation,  both 
beam  or  parametric.  The  significance  of  a  computer 
experiment  will  grow  as  the  interest  of  investigators 
will  shift  to  a  study  of  the  effects  where  the  wave- 
particle  interaction  plays  the  principal  part,  i.e.  when 
considering  dissipative  and  strong  nonlinear  régimes. 

After  the  first  attack  at  the  strong  turbulence 
building,  when  first  of  ail  it  was  necessary  to  find  the 
true  qualitative  regularities  and  a  relative  rôle  of 
alternative  nonlinear  processes  (and  it  was  the  aim 
of  multidimensional  kinetic  calculations)  we  have  now 
a  good  chance  to  start  the  next  regular  step  —  to  create 
an  effective  and  more  complète  theory  of  strong 
turbulence  and  hybrid  methods  o*"  computations 
which  would  combine  the  good  qualities  of  kinetic 
and  averaged  approaches. 
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Abstract  -  Présent  day  target  designs  md.cate  that  parfcle  beams  w.th  1-10  MJ  and  100-500  TW,  focused  to 
Abstract.      ^"^^^f"^  ^^^J^'^^e^       f  ^  t         with  gains  of  10-100.  Due  to  uncerta.nties  about 

r  symr;y°a:;  tabryÏthe^;:Xr,';hl"rl^qu.ren.e'^^  may  cLnge  by  as  much  as  an  order  of  nja^hude 
Is  morsTearned  The  part.cle  beams  w.ll  mteract  w.th  target  plasmas  wh.ch  have  températures  of  several  hundr  d 
e  eTt^n  olï  and  den 't.es  up  to  sohd  dens.ty.  Under  thèse  conditions  the  mam  energy-loss  mechamsm  is  coll - 
or^irhow  ver  in  h  case  of  électrons,  the  orb.ts  can  be  substant.ally  altered  by  electnc  and  magnet.c  fields^ 
Lpe nment  w Uh  h  n'fo  :  h-  -easured  energy  déposition  enhancement  by  a  factor  of  5-10  with  foils  mounted 
m  th  Tnode  and  by  a  factor  of  20  or  more  with  foils  mounted  on  a  stalk  extend.ng  into  the  diode. 


Introduction.  —  About  1963,  J.  C.  Martin  and  his 
colleagues  in  Aldermaston,  England  started  a  branch 
of  pulse-power  technology  which  today  is  capable  of 
producing  extremely  powerful  electrical  puises.  Puise 
power  generators  can  now  produce  puises  with 
10  TW  and  several  hundred  kilojoules.  Major  pro- 
grams  at  the  Kurchatov  Institute  in  Moscow  and  at 
Sandia  Laboratories,  along  with  smaller  programs 
at  about  ten  other  laboratories  throughout  the 
world,  are  investigating  the  application  of  this 
technology  to  inertial  confinement  fusion.  Generators 
producing  100  TW,  multimegajoule  puises  are  planned 
for  the  early  to  mid-1980's  at  Kurchatov  and  Sandia. 
The  puise  power  generators  have  two  principle 
advantages  over  lasers  ;  they  are  efficient  (20  %  to 
50%)  and  inexpensive  ($  10/J). 

The  first  pulse-power  approach  to  inertial  fusion 
used  électron  beams  to  ablate  the  surface  of  a  spheri- 
cally  imploding  target  [1,  2].  More  recently,  the  use 
of  light  ion  beams  to  implode  sphencal  targets  [3-6] 
has  been  given  serious  considération.  At  présent, 
the  main  problem  in  thèse  approaches  is  producing 
a  high  enough  flux  of  energy  to  the  surface  of  a  target, 
particularly  under  conditions  suitable  for  a  power 
reactor.  Beam  energy  fluxes  of  30TW/cm^  with 
électron  beams  [7]  and  0.2  TW/cm^  with  light  ions  [8] 
have  been  achieved.  To  obtain  ignition  of  a  target 
with  moderate  gain  30)  appears  to  require  fluxes 
around  lOOTW/cm^  for  ion  beam  implosions,  and 
several  times  higher  for  électrons  with  present- 
day  target  designs.  With  improved  understanding  of 
the  twin  problems  of  symmetry  and  stability  of 
implosions,  it  may  be  possible  to  reduce  thèse  require- 

(*)  This  work  was  supported  by  the  U.S.  Department  of  Energy. 


ments  by  an  order  of  magnitude  [9].  To  estabhsh 
some  of  thèse  requirements  for  particle  beam  fusion, 
the  first  section  of  this  paper  summanzes  some  of 
the  basic  principles  of  fusion  target  implosions, 
and  the  particle  beam  characteristics  required  to 
ignite  the  targets.  The  second  and  third  sections 
deal  with  the  interaction  of  light  ion  beams  and  of 
électron  beams  with  fusion  target  plasmas. 


Target  requirements.  —  In  its  simplest  form  an 
inertial  fusion  target  consists  of  three  functional 
parts  :  the  fuel,  the  pusher,  and  the  ablator.  The 
energy  of  the  particle  beam  is  deposited  in  the  ablator, 
heating  it  to  several  hundred  électron  volts.  (The 
momentum  transfer  from  the  particle  beam  to  the 
target  is  generally  insignificant.)  The  pressure 
produced  in  the  ablator  causes  it  to  explode  and  to 
drive  the  pusher  inwards.  The  imploding  pusher 
compresses  the  fuel  and  consequently  beats  it  to  the 
ignition  point.  Ignition  of  the  fuel  can  usually  be 
achieved  with  an  implosion  velocity  of  20cm/^ts, 
however,  variations  in  target  design  may  change 
this  by  a  factor  of  two  or  more.  Finally,  the  imploded 
pusher  acts  as  a  tamper,  confining  the  fuel  while  it 
burns. 

The  thermonuclear  reaction  rate  per  unit  mass 
of  fuel  is  proportional  to  the  density  p,  while  the 
time  for  the  fuel  to  disassemble  is  proportional  to 
the  fuel  radius  r.  For  unconfined  fuel  this  is  essentially 
an  acoustic  transit  time,  while  for  fuel  confined  by 
a  denser  pusher,  the  confinement  time  is  increased 
in  proportion  to  the  pusher  density.  The  quantily  pr 
is  thus  a  measure  of  the  fraction  of  the  fuel  burned  [10]. 
Generally,  a  value  of  pr  *  1  g/cm^  is  required  for 
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significant  burnup  of  the  fuel  [11].  The  range  of  the 
alpha  partiales  produced  in  the  DT  reaction  is 
0.2  g/cm^  near  ignition  température,  so  that  the 
condition  for  further  heating  of  the  fuel  by  the  alpha 
particle  energy  is  also  generally  met  at  the  same  time. 
The  pr  of  spherically  compressed  fuel  may  be  written 
pr  =  3  m/4  nr^.  With  large  densities  or  small 
compressed  radius,  lower  fuel  mass  is  required  to 
meet  the  pr  condition,  and  hence  less  energy  is  required 
to  ignite  the  fuel. 

In  order  to  achieve  high  compressions,  the  fuel  ^ 
must  retain  some  resemblance  to  a  sphère  during  the 
implosion  process.  The  compression  is  thus  limited 
by  the  symmetry  of  energy  déposition  in  the  ablator. 
Generally,  a  greater  degree  of  symmetry  is  required 
for  higher  compression  ratios.  A  radial  convergence 
ratio  around  10,  producing  a  volume  compression 
ratio  of  1  000  is  generally  considered  to  be  achievable. 
The  compression  is  also  limited  by  the  growth  of 
hydrodynamic  instabilities  (e.g.,  Rayleigh-Taylor). 
Our  understanding  of  the  behavior  of  thèse  insta- 
bilities and  their  efîects  on  target  behavior  is  rather 
incomplète.  Nevertheless,  a  relatively  simple  analysis 
shows  that  the  number  of  exponentiations  of  damaging 
instabilities  during  the  inward  accélération  of  the 
pusher  is  approximately  (2  r/ArY'^,  where  r  is  the 
initial  pusher  radius  and  Ar  is  its  thickness  around  the 
time  of  peak  accélération  [12].  It  seems  to  be  generally 
accepted  that  a  value  ofr/Ar  <  20results  in  reasonably 
stable  implosions,  although  détails  of  target  design 
and  fabrication  may  change  this  limit  up  or  down 
by  a  factor  of  several. 

A  variety  of  target  designs  have  been  published 
for  électron  [4,  12-14]  and  ion  beams  [3,  4,  12,  15,  16]. 
It  appears  that  the  energy  and  power  required  to 
drive  thèse  targets  can  be  summarized  by  some 
relatively  simple  équations  :  The  beam  energy  E  is 
converted  to  implosion  kinetic  energy  with  an  effi- 
ciency  e,  typically  of  order  20  %.  Since  the  pusher  is 
usually  much  more  massive  than  the  fuel,  this  can  be 
written 

E  =  2e-'  Arp 

where  r,  Ar,  and  p  are  the  initial  radius,  thickness, 
and  density  of  the  pusher,  and  v  is  its  peak  velocity. 
For  unshaped  puises  the  puise  width  is  approximately 
r/v,  and  the  beam  power  P  is  given  by 

P  =  2ns~'  rArp. 

When  a  shaped  puise  is  used,  the  width  of  the  peak 
power  puise  is  somewhat  shorter  and  the  peak  power 
somewhat  higher.  The  flux  of  energy  E  on  the  target 
surface  is  just 

/  =  0.5  e-'  Arp  . 

This  last  équation  implies  that  flux  or  intensity 
requirements  can  be  reduced  by  utilizing  larger 
radius  targets.  However,  this  advantage  is  offset 


by  the  fact  that  the  beam  energy  requirement  increases 
as  or  faster.  The  energy,  power,  and  flux  require- 
ments can  ail  evidently  be  reduced  by  using  a  lower 
density  pusher.  Such  a  design  has  been  proposed  [15] 
with  reduced  beam  requirements,  however  the  require- 
ments were  not  reduced  as  much  as  one  might  expect 
because  a  higher  implosion  velocity  and  a  shaped 
puise  were  both  required.  The  implosion  velocity 
required  for  ignition  can  be  reduced  about  three- 
fold  by  inducing  a  magnetic  field  of  10-100  kG  in  the 
fuel  région  to  reduce  thermal  conduction  [15,  16,  17]. 
This  type  of  target  requires  that  the  pusher  pr  be 
higher  at  implosion  time,  which  requires  that  p  Ar  be 
initially  three  times  higher  than  for  corresponding 
non-magnetic  targets.  Consequently,  the  energy 
requirements  are  reduced  about  three-fold,  and  the 
power  and  flux  requirements,  about  nine-fold. 

Most  of  the  target  designs  have  a  pusher  diameter 
near  1/2  cm,  for  which  the  beam  pulselength  varies 
between  5  and  40  ns,  depending  on  the  target  design. 
To  produce  gains  of  10-100,  thèse  targets  require 
ion  beams  of  1-10  MJ,  100-500  TW,  and  10'^- 
lO'^W/cm^  The  power  and  energy  requirements 
for  électron  beam  targets  of  similar  design  are  typi- 
cally several  times  higher  than  for  ions.  At  the  présent 
time,  the  lower  limit  on  the  ion  beam  requirements 
are  thus  about  10^  J,  10'^  W,  and  lO^^W/cm^. 
As  the  understanding  of  the  stability  and  symmetry 
of  implosions  improves,  it  may  be  possible  to  obtain 
higher  compression  ratios  and  thinner  shells  [18]. 

For  effective  couphng  of  ablation  energy  into 
implosion  kinetic  energy,  the  ablator  mass  should 
typically  be  several  times  the  pusher  mass.  This 
results  in  an  ablator  thickness  of  0.1-0.3  g/cm^  for 
the  target  designs  discussed  above  which  in  turn 
implies  the  use  of  5-10  MeV  protons  or  1/2-1  MeV 
électrons.  For  beams  of  ions  other  than  protons, 
the  target  designs  and  therefore  the  beam  requirements 
are  essentially  identical  provided  that  ions  are  used 
that  have  the  same  range  in  the  target  plasma.  For 
target  designs  diflFerent  than  those  discussed  above, 
particles  with  significantly  diff"erent  ranges  are  useful. 

Interaction  of  ion  beams  with  target  plasmas.  —  The 

ablator  région  of  particle  beam  targets  typically 
reach  températures  of  several  hundred  électron  volts 
and  densities  ranging  from  solid  density  down  to  a 
few  orders  of  magnitude  below  solid  density.  Under 
thèse  conditions,  there  should  be  no  be..m  instabilities, 
and  the  principal  energy  loss  mechanisms  are  binary 
coulomb  collisions  with  the  électrons  and  ions  in  the 
target  plasma,  and  excitation  of  plasma  oscillations. 
Coulomb  scattering  from  the  target  nuclei  is  generally 
a  small  eff"ect.  Consequently,  the  ion  trajectories 
are  nearly  straight,  which  simplifies  calculations 
of  the  energy  déposition  in  the  target. 

Some  initial  target  design  calculations  assumed 
that  the  stopping  power  of  the  target  plasma  is  the 
same  as  for  cold,  solid-density  material.  More  recently. 
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he  déposition  models  have  been  relîned  to  include 
Dlasma  effects  which  produce  a  weak  density  and 
emperature  dependence  of  the  stopping  power  [19-21]. 
For  typical  target  parameters,  the  plasma  effects 
-educe  the  range  of  beam  particles  by  10-30",,  [22] 
ind  the  déposition  profile  is  altered  [21]  as  is  shown 
in  figure  1.  To  compensate  for  this,  the  beam  voltage 
can  be  increased  by  6-20  with  a  correspondmg 
réduction  in  the  beam  current  requirements. 


10  MeV  Protons  in  Au 


0J5      020  025 

Depth  (g/cm*) 

Fig.  L  —  Déposition  profile  of  10  MeV  protons  in  solid  density 
gold,  with  the  gold  at  various  températures. 


Interaction  of  électron  beams  with  target  plasmas.— 

The  mechanisms  responsible  for  energy  loss  by 
the  beam  électrons  in  the  target  plasma  are  generally 
the  same  as  for  ion  beams,  binary  coulomb  collisions 
with  the  target  électrons  and  ions,  and  excitation  of 
plasma  oscillations.  In  addition,  some  évidence  of 
enhanced  déposition  due  to  beam-plasma  instabilities 
has  been  reported  [23].  Unlike  ion  beams,  the  spatial 
distribution  of  energy  déposition  in  the  target  is 
affected  by  several  additional  factors.  Electron  beams 
produce  a  significant  amount  of  bremsstrahlung, 
particularly  in  high-Z  targets.  This  pénétrâtes  more 
deeply  into  the  target,  producing  deleterious  pre- 
heating  of  the  pusher  [13].  This  can  be  offset  somewhat 
by  using  lower-Z  ablators  [12,  14]. 

The  rate  at  which  a  free-streaming  électron  beam 
deposits  energy  is  Jp"  '  d£/dx,  where  J  is  the  current 
density  and  p~  '  àEldx  is  the  stopping  power  of  the 
target,  typically  1  MeV  cm^/g.  Since  the  rate  of 
energy  déposition  is  proportional  to  the  number 
density  of  beam  électrons,  mechanisms  which  increase 
the  beam  électron  density  by  impeding  or  stagnating 
the  flow  of  électrons  can  produce  an  enhancement  of 
the  energy  déposition  over  the  freestreaming  rate. 
There  are  three  principle  mechanisms  which  are 
known  to  stagnate  the  électron  flow  by  altering  the 
trajectories  of  individual  électrons  :  (1)  coulomb 
scattering  in  the  target  material,  (2)  electric  fields, 
and  (3)  magnetic  fields.  The  possibility  of  enhancing 
the  energy  déposition  by  appropriate  electric  and 
magnetic  fields  has  been  a  fascination  from  the 


beginning  of  électron  beam  fusion  research  [2]. 
Enhanced  déposition  would  generally  produce  higher 
températures  in  the  déposition  région,  and  in  some 
cases  would  shorten  the  effective  range  over  which 
energy  is  deposited.  This  would  permit  use  of  higher 
voltage  électrons,  which  should  be  more  readily 
focusable  to  high  intensities. 

Enhancement  can  be  caused  by  fields  which  are 
either  inside  or  outside  the  target.  With  thick  targets 
significant  enhancement  can  only  occur  when  the 
fields  are  inside  the  target  since  external  fields  can 
at  best  cause  électrons  which  have  scattered  out  of  the 
target  to  retum  to  it.  .      •    u   ^  i^ 

One  source  of  an  internai  electric  field  is  the  heia 
established  with  the  counterstreaming  plasma  current 
which  initially  neutralizes  the  beam  current  in  the 
target  [2,  24].  This  return  current  heating  may  become 
significant  at  current  densities  around  10"^  A/cm  , 
but  not  at  the  current  densities  achieved  to  date. 

When  the  return  current  dies  out,  the  magnetic 
field  of  the  beam  pénétrâtes  the  target  plasma  and 
magnetic  stopping  of  the  beam  électrons  can 
occur  [2,  25].  For  magnetic  stoppmg  to  be  significant, 
the  magnetic  field  must  be  large  enough  that  the 
électron  gyration  frequency  is  larger  than  the  colhsion 
frequency,  and  the  magnetic  field  must  have  time  to 
diffuse  into  the  déposition  région.  There  is  concern 
that  this  may  resuit  in  enhancing  the  déposition 
only  in  the  outer,  low  density  portion  of  the  ablating 
material,  which  results  m  low  ablation  pressures  in 
thick  targets. 

During  the  last  few  years  there  has  been  considérable 
interest  in  targets  which  are  thin  compared  to  the 
electron's  coUisional  range.  Experiments  have  measur- 
ed  several-fold  déposition  enhancements  in  two 
somewhat  différent  geometries  [25-29].  Rudakov  and 
co-workers,  using  Triton  (0.5  MV,  0.12  kA, 
2  MA/cm^  30  ns),  first  reported  a  ten-fold  enhance- 
ment of  the  energy  deposited  in  a  10  ^m  platinum 
foil  with  half  of  the  beam  energy  deposited  in  the 
foil'[25],  heating  it  to  20-30  eV.  The  foil  was  mounted 
on  the  anode  surface  with  a  hole  in  the  anode  behind 
it  as  shown  in  figure  2.  A t  the  time  of  peak  energy 
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Fig.  2.  -  Diode  used  m  Iriton  enhanced  déposition  cxpcriment. 
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déposition,  the  foil  had  expanded  to  0.5-1  mm  and 
the  magnetic  field  of  the  beam  pénétrâtes  at  least 
partially  into  the  foil.  The  drift  velocity  of  the  élec- 
trons through  the  foil  plasma  is  controlled  principally 
by  gradient  B  drift.  The  drift  velocity  can  be  written 
as  cIJ2  /,  where  /a  is  the  Alfven  current.  1 7  000 
amps,  so  that  the  déposition  enhancement  factor 
should  be  2  7//^,  in  approximate  agreement  with  the 
experiment  [25]. 

More  recently,  similar  experiments  have  been 
conducted  at  other  laboratories,  and  more  extensive^ 
diagnostics  have  been  used  [27,  28].  Thèse  experiments 
reported  enhancement  factors  around  5.  More  signifi- 
cantly  the  latest  experiments  [28]  on  Proto  I  (1.1  MV, 
0.3  MA.  7  MA/cm',  25  ns)  measured  the  températures 
of  both  sides  of  the  foil  and  found  that  while  the  diode 
side  of  the  foil  reached  20  eV,  the  rear  surface  only 
reached  7.6  eV.  This  is  consistent  with  httle  or  no 
enhancement  of  the  rear  surface  déposition  and  is 
thought  to  be  due  to  radial  beam  spreading  in  the 
foil  interior  where  the  magnetic  field  is  weak.  The  rate 
of  déposition  on  the  front  side  of  the  foil  was  about 
50  TW/g. 

Even  greater  déposition  enhancement  has  been 
observed  when  thin  targets  are  mounted  inside  the 
diode  [26,  29]  rather  than  in  the  anode  plane.  The  first 
such  experiments  [26]  used  small  nickel  sphères 
mounted  in  the  focused  électron  beam  of  Hydra 
(0.8  MV,  0.15  MA,  0.3MA/cm^  30  ns)  as  shown 
in  figure  3.  In  addition  to  the  magnetic  field  sur- 
rounding  the  target,  the  diode  electric  field  is  substan- 
tially  altered  by  the  présence  of  the  target,  and  a 
potential  well  is  formed  around  the  sphère. 
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Fig.  3.  —  Diode  and  target  configuration  for  enhanced  depositio 
experiment  on  Hydra. 


drift  alone.  The  déposition  enhancement  factor 
observed  in  thèse  experiments  was  around  18.  For 
thèse  experiments,  ///^  was  about  3.7  and  the  enhance- 
ment was  about  5  7//^,  or  two  and  a  half  times  as  much 
enhancement  as  for  an  anode-mounted  foil.  Since  the 
current  density  on  Hydra  was  much  lower  than  on 
Triton  or  Proto  I,  the  déposition  rate  was  lower, 
about  8  TW/g. 

More  recently,  experiments  have  been  conducted 
on  Mite  (1.8  MV,  270  k A,  40  ns)  with  a  thin  gold 
foil  mounted  on  a  long  stalk  [29].  The  stalk  extends 
across  the  diode  into  the  interior  of  a  hollow  cathode 
as  shown  in  figure  4.  The  présence  of  the  stalk  and 
gold  foil  at  anode  potential  alters  the  electric  fields 
and  the  électron  flow  even  more  than  in  the  Hydra 
experiment.  A  substantial  fraction  of  the  électron 
current,  >  25  %,  reaches  the  foil  as  a  resuit  of  both 
increased  émission  from  the  inside  of  the  cathode 
and  an  £■  X  5  drift  along  the  stalk  toward  the  foil. 
In  a  6  ^m  thick  foil  an  energy  déposition  rate  of 
100  TW/g  was  observed  which  heated  the  foil  to  a 
température  of  30-35  eV.  The  current  density  at  the 
foil  was  not  measured,  however,  it  could  not  have 
been  greater  than  3.8  MA/cm^  and  was  probably 
about  1  MA/cm^.  Thus  a  déposition  enhancement  by 
a  factor  of  24  or  more  evidently  resulted  from  the 
magnetic  fields  and  the  potential  well  surrounding 
the  foil. 
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Fig.  4.  —  Diode  with  gold  foil  mounted  on  stalk  extended  into 
hollow  cathode  for  enhanced  déposition  experiment  on  Mite. 


Electrons  passing  through  the  target  are  deflected 
back  towards  the  target  by  the  surrounding  electric 
and  magnetic  fields,  increasing  the  électron  density 
and  hence  the  energy  déposition  in  the  target.  Alterna- 
tively,  the  electric  and  magnetic  fields  around  the 
target  may  be  viewed  as  producing  an  £  x  5  drift 
which  opposes  the  gradient  B  drift,  resulting  in  greater 
stagnation  of  the  beam  and  hence  greater  déposition 
enhancement  than  would  resuit  from  the  magnetic 


Conclusion.  —  During  the  past  few  years,  consi- 
dérable progress  has  been  achieved  in  focusing  high 
power  particle  beams  onto  targets  and  understanding 
the  interaction  of  the  beams  with  the  targets.  Puise 
power  generators  are  under  construction  which  are 
expected  to  be  capable  of  producing  sufficient  power 
and  energy  to  ignite  a  fusion  target.  The  challenges 
of  the  1980's  will  be  to  demonstrate  that  this  power 
can  be  sufficiently  concentrated  in  the  target  and  that 
the  targets  perform  as  predicted. 
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Progress  in  toroidal  magnetic  confinement 

G.  Grieger 
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Résumé.  —  L'objet  de  cet  article  est  de  discuter  les  propriétés  de  confinement  des  plasmas  plongés  dans  des  champs 
magnétiques  quasi  toroïdaux.  . 
Dans  de  tels  systèmes,  le  confinement  est  obtenu  par  addition  de  champs  magnétiques  toroïdaux  produits,  soit 
par  des  courants  toroïdaux  induits  dans  le  plasma  —  confinement  interne  -  soit  par  des  courants  circulant  dans 
des  conducteurs  extérieurs  —  confinement  externe. 

Les  principaux  représentants  du  confinement  interne  et  externe  sont  respectivement  le  Tokamak  et  le  Stellarator. 
Cet  article  concerne  essentiellement  le  Tokamak  et  ajoute  certains  commentaires  quant  aux  différences  spécifiques 
essentielles,  s'il  y  a  lieu.  . 
De  plus,  les  acquisitions  actuelles  sont  décrites  dans  la  perspective  des  impératifs  d  un  reacteur  a  iusion  afin  de 
mieux  établir  un  bilan  sur  l'état  de  la  question  et  les  problèmes  restant  à  résoudre. 

Abstract.  —  This  paper  will  discuss  the  confinement  properties  of  plasma  in  magnetic  fields  which  are  charac- 
terized  by  their  strong  toroidal  components.  In  such  Systems  confinement  is  achieved  by  the  addition  of  poloidal 
magnetic  fields  which  are  either  produced  internally  by  toroidal  currents  induced  in  the  plasma  —  internai  confi- 
nement —  or  by  currents  flowing  in  external  coils  —  external  confinement.  The  main  représentatives  for  mternal 
and  external  confinement  are  the  tokamak  and  the  stellarator  respectively. 

This  paper  wiU  mainly  deal  with  the  tokamak  and  add  some  comments  on  ohmically  heated  stellarators  when 
there  are  essential  différences  to  be  reported.  In  addition,  the  présent  achievements  will  be  put  into  perspective 
with  fusion  reactor  requirements  in  order  to  allow  an  assessment  of  the  state  of  the  art  and  of  the  still  open  pro- 
blems. 


At  first,  the  range  of  parameters  of  a  fusion  reactor 
based  on  the  tokamak  principle  will  be  evaluated. 
It  will  turn  out  that  the  range  of  working  conditions 
is  very  limited  and  that  not  very  much  freedom  is 
offered  in  choosing  them.  This  results  from  rather 
simple  physical  and  technical  considérations  and  does 
not  use  arguments  about  the  ability  of  fusion  power  to 
be  compétitive.  Such  arguments  are  not  within  the 
scope  of  this  paper  although  one  has  to  keep  in  mind 
that  the  already  large  and  complicated  expérimental 
devices  have  to  be  built  and  operated  in  a  cost  saving 
manner. 

This  paper  will  discuss  the  confinement  properties 
of  plasma  in  magnetic  fields  which  are  characterized 
by  their  strong  toroidal  components.  In  such  Systems 
confinement  is  achieved  by  the  addition  of  poloidal 
magnetic  fields  which  are  either  produced  internally 
by  toroidal  currents  induced  in  the  plasma  —  internai 
confinement  —  or  by  currents  flowing  in  external 
coils  —  external  confinement.  The  main  représen- 
tatives for  internai  and  external  confinement  are  the 
tokamak  and  the  stellarator  respectively. 

This  paper  will  mainly  deal  with  the  tokamak  and 
add  some  comments  on  ohmically  heated  stellarators 
when  there  are  essential  différences  to  be  reported. 
In  addition,  the  présent  achievements  will  be  put  into 
perspective  with  fusion  reactor  requirements  in  order 
to  allow  an  assessment  of  the  state  of  the  art  and  of 
the  still  open  problems. 


Therefore,  the  range  of  parameters  of  a  fusion 
reactor  based  on  the  tokamak  principle  will  be  eva- 
luated at  first.  It  will  turn  out  that  the  range  of  working 
conditions  is  very  limited  and  that  not  very  much 
freedom  is  offered  in  choosing  them.  This  results 
from  rather  simple  physical  and  technical  considé- 
rations and  does  not  use  arguments  about  the  ability 
of  fusion  power  to  be  compétitive.  Such  arguments 
are  not  within  the  scope  of  this  paper  although  one 
has  to  keep  in  mind  that  the  already  large  and  compli- 
cated expérimental  devices  have  to  be  built  and 
operated  in  a  cost  saving  manner. 

The  core  of  a  fusion  reactor  based  upon  plasma 
confinement  by  a  toroidal  magnetic  field  is  a  stably 
burning  plasma  of  sufficient  fusion  power  density 
and  of  not  too  large  unit  size.  In  very  simple  terms  the 
output  power  is  given  by 

P  ^2n'a'  Rno.nT-fiT)  (1) 

for  D-T  plasmas,  where  a  and  R  are  the  minor  and 
the  major  plasma  radii,  «o  and  «7-  the  volume  average 
densities  of  the  deuterium  and  tritium  fuel  components, 
and/(r)  a  description  of  the  température  dépendent 
fusion  cross-section. 

Figure  1  shows  that  for  not  too  high  températures 
the  fusion  power  density  is  steeply  increasing  with 
température  [1].  But_since  the  same  is  true  for  the 
plasma  pressure,  3n^kT,  and  since  this  pressure 
has  to  be  balanced  by  the  confining  magnetic  field, 


Fig.  1.  —  Normalized  power  density  produced  by  fusion  reactions. 
Power  density  :  P  =  (  av  >./;,. «2,  the  alphas  containing  1/5. 


it  is  much  more  relevant  to  ask  for,  the  maximum 
fusion  power  density  achievable  for  a  given  confining 
pressure.  This  is  answered  by  figure  2  where  the  tempe- 
rature  effect  on  pressure  increase  is  compensated  by 
a  réduction  of  and  rij  so  that  the  resulting  pressure 
remams  constant.  It  yields  that  optimum  conditions 
are  obtained  for      =  n-j-  and  a  plasma  température 

{kT\^,  *  12keV.  (2) 

This  resuh  is  valid  only  for  thermal  plasmas.  Systems 
considered  to  run  in  a  non-thermal  mode  (e.g.  hot 
ion  mode)  are  not  considered  in  this  paper.  A  compa- 
rison  between  figures  1  and  2  also  shows  that  the 
contributions  to  the  generated  fusion  power  is  largest 
by  reactions  between  particles  of  the  tail  of  the  distri- 
bution function  so  that  their  confinement  properties 
require  particular  attention. 

A  burning  plasma  then  requires  its  power  losses 
to  be  balanced  by  the  fusion  power  occurring  with 
the  a-particles  because  only  thèse  interact  with  the 
plasma  particles,  whereas  the  four  times  larger 
neutron  power  will  be  absorbed  in  the  blanket  sur- 
rounding  the  plasma  and  be  converted  into  useful 
beat.  Therefore,  neglecting  profile  effects  and  setting 
n  =  tXf)  +  n-j-,  the  required  energy  confinement  time 
is  given  by 

_  E  _   3  nkf.  V 
''~T^~  n'  f{T).V  ■ 

Since  the  plasma  température  has  already  been 
fixed  by  (2),  one  obtains 


Fig.  2.  —  Normalized  power  density  produced  by  fusion  reactions 
for  constant  plasma  pressure.  As  an  example  :  1  MWm"'  is 
produced  for  =  =4.3  x  10'"  m"\  kT^  =  13  keV  and 
P  =  5.3  bar. 


with  C-r  following  from  figure  1 

Cj  *  2.2  X  ]()-"  s 


(5) 


Expression  (4)  is  équivalent  to  the  well-known 
Lawson  criterion,  but  instead  of  considering  various 
types  of  losses,  like  bremsstrahlung,  it  is  based  on  the 
power  production  rate  and  an  optimum  plasma 
température.  It  is  very  satisfactory  that  the  resulting 
value  for  ïït^  is  close  to  that  of  the  Lawson  criterion. 

The  tolerable  range  for  n  wjll  be  determined  by  the 
highest  acceptable  values  for  P  and  B 


6  //g  nkT 


6  Hç,kT 


-  C„l^,  B) . 


(6) 


(7) 


Stability  considérations  (see  later)  seem  to  limit  the 
achievable  fi  values  to  5-10  and  technical  consi- 
dérations make  it  hard  to  believe  taat  B  could  be 
raised  very  much  above  5-6  T.  Therefore,  as  shown 
in  figure  3,  the  average  density  of  a  fusion  reactor 
will  be  in  a  rather  narrow  range  around 


=  C„  *  2  ; 


(8) 


In  addition,  via  eq.  (4),  thèse  simple  considérations 
also  détermine  the  required  energy  confinement  time 


-  Cr 


(4) 


(9) 
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Fig.  3.  —  Range  of  n  for  a  fusion  reactor. 

It  is  clearly  understood  that  the  rather  rough  argu- 
ments given  above  can  only  yield  rough  results, 
but  this  may  be  fully  sufficient  for  the  intended  reactor 
oriented  assessment  of  the  state  of  the  art. 

A  first  comparison  can  be  made  now  between 
requirements  and  expérimental  findings.  In  figure  4 
the  gross  energy  confinement  time  vs.  density  is  plotted 
for  various  experiments  [2].  One  observes  that, 
irrespective  of  their  other  conditions,  there  is  a  hnear 
increase  of  t  with  n  for  each  of  the  devices,  only  the 
slope  being  différent  for  différent  machines.  If  one 
then  depicts  a  certain  density  and  compares  (in  the 
insert  of  figure  4)  the  resulting  confinement  times 
of  the  différent  devices,  one  finds  that  the  slope  is 
given  by      and  that  T£  is  thus  best  described  by 

Te  =  C,.m'  ,       C,  *  5  X  10      ms  (10) 

which  holds  for  clean  ohmically  heated  plasmas. 
Obviously,  this  resuit  is  very  gênerai.  But  this  is 


PLASMA  DENSITY  n.  (10"   cm  ■) 

Fig.  4.  -    Confinement  lime  vs.  n  for  various  devices. 


slnking  becausc  is  found  to  be  mainly  dclermined 
by  the  energy  losses  through  the  électron  component 
which  however  from  neoclassical  coUisional  theory 
would  be  expected  to  be  much  lower  than  that  of  the 
ions.  There  is  no  clear-cut  theory  up  to  now  to  describe 
thèse  losses  correctly  so  that  extrapolations  to  the 
reactor  régime  are  very  difficult. 

In  order  to  substantiate  this  remark,  it  has  to  be 
remembered  that  the  confining  magnetic  field  is 
twisted  around  the  magnetic  axis  and  that  therefore 
the  magnitude  of  B  is  not  constant  along  a  magnetic 
line  but  rather  varies  as  indicated  in  figure  5.  This 
comes  about  by  the  excursion  of  the  magnetic  line 
in  the  toroidal  magnetic  field 


Therefore,  a  particle  moving  around  the  torus  expé- 
riences magnetic  mirror  effects  which  will  détermine 
its  orbits;  and  this  effect  is  the  stronger  the  less 
collisions  the  particle  will  feel  during  its  path. 


Pig  5.  —  I  5  I  along  a  magnetic  line  (schematically). 


Three  régions  have  to  be  considered  regarding 
their  influence  on  particle  and  energy  transport. 
They  are  determined  by  the  ratio  between  the  particle 
mean  free  path.  À,  and  the  mirror  distance,  qR. 
In  figure  6,  A  vs.  {kTfjn  is  plotted  together  with  two 
lines  for  XjqR  -  1  and  XjqR  =  {R/a)''\  Thèse  two 
lines  separate  the  collisional  from  the  collisionless 
régime  with  an  intermediate  one  in  between.  /?  =  5  m 
and  a  =  1  m  have  been  used  in  this  example.  Figure  6 
indicates  that  présent  day  experiments  have  hardly 
entered  the  collisionless  régime,  whereas  the  fusion 
reactor  lies  deeply  within  it. 

It  is  expected  that  the  trapped  particles  occurring 
in  the  collisionless  régime  by  their  interaction  with 
the  passing  particles  will  lead  to  the  génération  of 
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Fig.  6.  —  Mean  free  path  by  like  particle  collision  for  /?  =  5  m, 


trapped  particle  instabilities  which,  by  their  fluctuating 
fields,  might  affect  both  particle  and  energy  transport. 
If  this  occurred,  would  have  to  be  modified  for  the 
collisionless  régime. 

In  this  respect  it  was  an  essential  resuit  that  PLT  [3] 
with  moderate  plasma  density  and  high  power  neutral 
injection  could  reach  températures  of  about  6  keV 
and  thus  produce  collisionless  plasmas.  Fluctuations 
which  could  be  attributed  to  trapped  particle  instabi- 
lities were  found  indeed,  but  their  effect  on  transport 
was  obviously  negligible.  There  was  even  some 
indication  of  an  improvement  of  confinement  with 
increasing  température,  but  in  this  point  the  results 
are  not  fully  conclusive  yet.  The  experiments  listed 
in  figure  4  are  not  suggesting  a  strong  température 
dependence  within  their  range  of  conditions.  It  is 
conservative,  therefore,  to  assume  their  validity  also 
in  the  colhsionless  régime  and  to  neglect  potential 
T  and  q  dependencies. 

If  one  does  this,  one  can  compare  the  required 
energy  confinement  time  (9)  with  themeasured  one  (10) 
and  obtains 

Ct 

~=C,na^  (11) 

which  by  using  (8)  results  in  a  condition  for  the  minor 
radius 

1  ICj 

which,  in  fact,  is  a  very  low  value  for  a  and  has  cer- 
tainly  to  be  increased  a  bit  under  realistic  circum- 
stances. 

It  has  been  mentioned  already  that  in  présent  day 
devices  it  is  observed  that  the  energy  is  lost  prefe- 
rentially  via  the  électrons.  The  ion  heat  conduction 
plays  only  a  minor  rôle  and  seems  to  be  in  agreement 
wiih  neoclassical  theory  within  factors  of  1  to  3. 
Only  at  high  densities  in  small  aspect  ratio  machines 
the  neoclassical  ion  heat  conduction  reaches  values 
similar  to  the  observed  électron  heat  conduction, 
and  a  drop  of  the  energy  confinement  time  was 


observed  indeed  in  ISX-A  and  Alcator  under  such 
circumstances  (see  Fig.  7)  [2]. 


[m  sec] 
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Fig.  7.  —  ISX-B  data  for  high  plasma  densities  and  différent 
values  of  B. 


The  exchange  of  energy  between  ions  and  électrons 
is  rather  accurately  described  by  classical  Coulomb 
collisions  between  the  particles.  This  statement 
includes  the  interaction  between  beam  generated 
particles  and  the  bulk  of  the  plasma.  Therefore, 
there  is  little  doubt  at  présent  that  the  same  will 
hold  also  for  reactor  plasmas  except  that  the  fusion 
generated  a-particles  with  their  high  energy  are 
exceeding  the  Alfvén  velocity  and  might  generate 
some  instabilities  this  way.  One  may  hope,  however, 
that  this  effect  only  leads  to  a  faster  slowing  down 
of  the  a-particles  and  not  to  a  serions  particle  and 
energy  loss.  Assuming  classical  energy  exchange 
therefore  would  also  for  reactor  conditions  resuit  in 
not  more  than  a  small  différence  between  and  Tj 
for  the  bulk  of  the  plasma. 

The  next  question  to  ask  is  for  the  available  means 
of  heating  thèse  plasmas  to  the  required  températures. 
In  this  respect  ohmic  heating,  though  eflfective,  is 
only  of  limited  use,  because  the  available  power 

P  =  2nR^r]j^ûA  (13) 

is  limited  by  r]  dropping  with  increasing  température 
proportionally  to  T"  2/2,  and  the  plasma  current 
being  determined  by  the  magnetic  configuration  it 
has  to  produce. 

This  configuration  is  of  helical  structure  and  has 
to  be  stable  against  helical  perturbations  or  kinks. 
They  will  always  occur  if  the  rotational  transform 
t  =  \lq  is  a  rationai  number 

t  =  1  =  1 
q  n 
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such  that  the  field  Unes  do  not  ergodically  form  a 
magnetic  surface  but  close  upon  themselves  after 
n  révolutions  around  the  machine. 

Thèse  eflfects  were  discovered  already  very  early 
and  investigated  in  stellarators,  in  the  C-stellarator 
for  ohmically  heated  plasmas  and  in  the  Wendel- 
stein  W  II-A  stellarator  for  thermal  plasmas.  Figure  8 
gives  a  good  example  [4].  Under  the  conditions  of 
the  W  II-A  stellarator,  the  resulting  plasma  density 


U  V- 
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Pig  8.  _  Résonances  in  confinement  measured  in  the  Wendel- 
stein  W  II-A  stellarator.  n  is  proportional  to  t  under  thèse  condi- 
tions. The  values  of  the  measured  iota  (0  have  to  be  reduced  by 
10%. 

is  a  direct  measure  of  the  confinement  time.  One 
observes  that  the  confinement  is  reduced  whenever 
iota  passes  through  a  rational  number  and  that  the 
eflfect  is  stronger  the  doser  iota  gets  to  unity.  At 
f  =  1  no  confinement  is  possible  anymore. 

In  a  tokamak  the  current  distribution  will  be 
determined  by  the  loop  voltage  and  the  température 
distribution  which  détermines  the  distribution  of  the 
resistivity  according  to  T'^'^.  Since  the  température 
tends  to  be  highest  in  the  plasma  center,  q=\  will 
first  be  reached  there.  Further  increase  of  the  current 
will  lead  to  an  expansion  of  the  ^  =  1  zone  leaving 
a  turbulent  state  with  vanishmg  pressure  gradients 
and  constant  current  density  behind  and  shifting  the 
confinement  régions  to  outer  zones  where  ^  <  1. 

This  is  shown  schematically  in  figure  9.  Expéri- 


mental results  show  that  m  most  cases  the  current 
can  be  increased  until  q  at  the  plasma  edge  reaches 
values  of  about  3.5.  Such  profiles  still  include  réso- 
nances, but  if  at  their  position  the  magnetic  shear 
and  could  be  kept  at  not  too  high  levels,  they  are 
obviously  not  destroying  the  gross  stability. 

If  the  plasma  current  is  increased  further,  it  usually 
responds  with  a  disruption,  i.e.  a  sudden  drop  to 
zéro  (hard  disruption).  For  large  machines,  thèse 
disruptions  are  extremely  dangerous  because  by 
inductive  coupling  the  plasma  current  is  immediately 
transferred  into  the  more  or  less  conductive  structure 
surrounding  the  plasma  where  its  complicated  path 
excites  ail  sorts  efforces  and  moments.  Small  machines 
are  usually  built  disruption-proof,  but  whether  this 
is  also  possible  for  very  large  machines  is  considered 
with  some  doubt. 

Therefore,  there  is  a  strong  incentive  to  aim  at 
avoiding  disruptions,  or  since  their  occurrence  is  of 
statistical  nature,  to  reduce  it  to  an  acceptable  limit 
which  is  almost  zéro.  They  are  usually  preceded  by 
a  growing  m  =  2/«  =  1  mode  and  are  found  to  be 
triggered  by  (i)  impurity  influx,  (ii)  imperfect  plasma 
positioning,  (iii)  .too  high  density,  (iv)  too  high  h, 
or  (v)  too  high  /p  during  plasma  build-up.  Some  of 
the  points  could  be  observed  by  careful  opération 
of  the  machine,  but  there  seems  to  be  a  density  limit 
above  which  a  stable  opération  is  no  longer  possible. 
For  ohmic  heating  alone  this  limit  is  the  Murakami 
limit  [5] 


,  <  1.5 


10^' 


(14) 


Fig.  ' 


-  Possible  cases  of  current  distributions  (scher 


which  for  reactor  conditions  y ields  about  3  X  10^^  m  ^. 
This  value  is  almost  one  order  of  magnitude  smaller 
than  the  required  value  of  2  x  10^°  m"\  and  one  is 
relying  on  strong  additional  heating  to  bridge  the 

Disruptions  are  completely  avoided  in  ohmically 
heated  stellarators  if,  according  to  présent  results, 
the  contribution  to  the  rotational  transform  by 
external  fields  is  above  ~  0-2-  It  is  conceivable 
that  the  stellarator  inhérent  effects,  namely  the 
immédiate  stabilizing  reactions  upon  any  gross  dis- 
placement of  the  plasma  column  are  the  origin  of 
this  property.  The  inclusion  of  stellarator  fields  in  a 
large  machine  might  be  a  difficult  task,  however. 

In  carefully  performed  tokamak  experiments  in 
Diva,  Alcator,  Pulsator,  etc.,  it  was  possible  to  run 
stable  discharges  with  q„  as  small  as  2. 

Optimization  of  the  stable  opération  of  tokamaks 
requires  the  control  of  the  plasma  current  distribu- 
tion by  properly  shaping  the  température  distribu- 
tion. To  do  this  with  additional  heating  with  well 
selected  déposition  profiles  might  be  a  feasible  scheme 
for  présent  day  experiments.  In  reactors,  however, 
one  had  to  compete  with  the  a  power  déposition 
profile  so  that  one  is  probably  forced  to  live  with 
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the  natural  current  profile.  But  one  still  needs  strong 
additional  heating  initially  for  reaching  ignition. 

Strong  heating  can  be  achieved  by  the  injection  of 
intense  neutral  beams.  It  is  the  best  heating  method 
existing  at  présent.  It  is  understood  and,  in  gênerai, 
its  heating  effect  is  predictable.  Only  classical  eflfects, 
like  charge  exchange  and  ionization,  and  heating 
via  Coulomb  collisions  have  to  be  considered  for 
describing  heating  by  neutral  injection.  Rather  reliable 
high  power  injectors  are  developed  for  application 
to  the  présent  day  devices,  and  the  high  température 
results  by  PLT,  TFR,  etc.,  were  obtained  with  their 
help.  If  one  could  use  neutral  injection  also  for 
reactor  startup,  one  had  the  advantage  of  even 
getting  some  additional  heating  by  fusion  reactions 
during  the  slowing  down  of  the  injected  particles. 

But  unfortunately  there  are  also  some  draw-backs 
connected  with  neutral  injection.  At  présent,  neutral 
beams  are  generated  by  neutralization  of  high  energy 
positive  ion  beams.  This  method  practically  limits 
the  injection  energy  to  160  to  200  keV  for  deuterium 
due  to  the  steeply  decreasing  neutralization  efficiency 
for  positive  ions  (Fig.  10).  This  provides  no  problems 
today,  but  for  reactor  plasmas  this  beam  energy  is 
too  low  to  reach  the  plasma  centre.  In  addition, 
thèse  beams  contain  not  only  D^,  but  also  certain 
fractions  of  Dj  and  D^,  i.e.  after  ionization,  ions 
of  fractional  energy,  the  pénétration  depth  of  which 
is  even  smaller.  Thèse  are  heating  only  the  plasma 
edge  —  which,  in  fact,  needs  to  be  cooled  —  and 
therefore  represent  a  waste  of  power  and,  even 
worse,  might  lead  to  excessive  sputtering  of  the  vacuum 
wall. 
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Fig.  10.  —  Neutralization  efficiency  for  positive  ion  beams. 


There  is  a  chance  to  circumvent  ail  thèse  problems 
by  generating  neutral  beams  via  négative  ions  by 
which  way  monoenergetic  beams  of  higher  energy 
could  be  established.  The  development  of  this  new 
technology  is  just  being  started. 

The  alternative  to  neutral  injection  is  radio- 


frequency  heating.  There  is  a  large  variety  of  résonant 
frequencies  of  the  plasma  allowing  to  feed  power 
into  the  plasma  and,  if  desired,  also  with  well  deter- 
mined  local  déposition  profiles,  because  ail  of  them 
have  différent  properties.  This  is  an  advantage  and 
a  disadvantage  at  the  same  time.  The  advantage  is 
that,  in  principle,  one  always  should  be  able  to  find 
a  frequency  or  a  mode  so  that  the  power  déposition 
can  be  taylored  according  to  the  needs.  The  disad- 
vantage is  that  the  large  variety  of  possibihties 
requires  a  wide-spread  expérimental  programme  for 
testing,  an  essential  prerequisite  for  application. 
Probably,  it  was  this  reason  which  lead  to  the  success 
of  neutral  injection,  because  there  was  only  one 
choice  and  a  straight-forward  development  pro- 
gramme could  be  therefore  established. 

Just  to  give  an  impression  of  the  RF  heating  pos- 
sibihties, the  main  représentatives  shall  be  mentioned  : 

Heating  by  transit  time  magnetic  pumping  with 
frequencies  of  about  100  kHz  occurs  on  the  ions  via 
Landau  damping.  After  some  less  successful  expe- 
riments  in  smaller  devices,  the  heating  effect  was 
demonstrated  in  Petula. 

Ion  cyclotron  heating  in  the  range  of  100  MHz 
in  itself  offers  a  variety  of  possibihties.  Perhaps  the 
most  interesting  one  is  the  heating  of  a  minority 
species  of  the  plasma  to  rather  high  énergies.  Heating 
of  the  bulk  of  the  plasma  would  then  occur  in  very 
much  the  same  way  as  with  high  energy  neutral 
mjection  via  Coulomb  collisions.  This  kind  of  heating 
would  thus  allow  us  to  préserve  a  large  part  of  the 
already  proved  methods.  TFR,  Erasmus  and  PLT 
have  shown  the  feasibility  in  principle  of  ion  cyclo- 
tron heating. 

Lower  hybrid  heating  at  a  few  GHz  could  be 
used  to  heat  either  the  ions  by  mode  conversion  or 
the  électrons  by  Landau  damping  depending  on  the 
mode  spectrum  excited.  The  relatively  high  frequency 
allows  the  application  of  assemblies  of  wave  guides 
but  their  required  close  distance  to  the  plasma  edge 
might  be  a  problem.  Plasma  heating  at  the  lower 
hybrid  frequency  has  been  demonstrated  in  ATC, 
Wega,  and  JFT-II. 

Electron  cyclotron  heating  occurs  by  direct  cyclo- 
tron damping  by  the  plasma  électrons.  Launching 
of  thèse  waves  would  be  comparatively  easy  via 
oversized  waveguides,  but  reliable  gyratron  sources 
for  frequencies  above  100  GHz  and  of  sufficient 
power  have  still  to  be  developed.  Eleciron  cyclotron 
heating  has  been  demonstrated  on  Tuman-II  and 
TM-3. 

Thèse  examples  show  the  wide  variety  of  RF  heating 
possibihties.  But  before  relying  on  such  methods  for 
the  heating  of  large  machines,  high  power  RF  heating 
experiments  have  to  be  carried  out  successfully. 
There  is  a  strong  trend  in  this  direction  and,  perhaps, 
more  reliable  results  will  soon  be  available. 

Most  of  the  comments  made  up  to  now  are  consi- 
dered with  the  tacit  assumption  that  the  plasmas 
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considered  are  sufficiently  clean,  which  means  that 
the  ion  constituents  are  practically  only  isotopes  of 
hydrogen.  At  first,  expérimental  expérience  coming 
up  during  the  past  years  showed  that  with  decreasing 
amount  of  impurities,  or  with  the  effective  charge 
getting  doser  and  doser  to  one,  there  was  a  simul- 
taneous  transition  to  longer  confinement  times  and 
higher  température  plasmas.  This  is  both  a  direct 
and  indirect  conséquence  of  the  main  effect  of  impu- 
rities, the  much  higher  radiation  power  per  atom. 

It  is  interesting  to  look  at  the  tolerable  fraction 
of  impurities  for  reactor  plasmas.  Information  on 
this  is  found  in  figure  1 1  which  gives,  for  plasmas  of 
10  keV,  the  relative  concentration  of  impurities  for 
ail  éléments  which  just  doubles  the  power  losses 
(with  respect  to  a  clean  plasma)  by  their  radiation  [6]. 
Although  it  restricts  the  fraction  of  light  impurities, 
like  oxygen,  to  only  a  few  percent,  and  that  of  heavy 
impurities,  like  typical  wall  and  limiter  materials. 
to  10"*  or  less,  this  concentration  is  probably  already 
too  high  to  be  acceptable.  Thèse  figures  have  to  be 
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Fig.  11.—  /,  ;  impurity  concentration  leading  to  doubling  of 
losses  via  its  radiation./,  :  impurity  concentration  requinng  doubling 
of  energy  confinemenl  time  lo  allow  for  the  additional  radiation 
losses. 


seen  in  connection  with  the  sputtering  coefficient  of 
wall  materials  because  thèse  are  the  source  of  the 
most  critical  impurities.  Typical  values  of  sputtering 
coefficients  v.y.  the  energy  of  the  incident  particles 
are  shown  in  figure  12  [7].  Unfortunately,  thèse 
values  are  rather  high  already  for  small  fractions  of 
the  plasma  energy,  particularly,  if  one  includes  self- 
sputtering.  There  is  a  tendency,  therefore,  to  coat  or 
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Fig.  12.  —  Sputtering  yield  vs.  energy  of  impinping  particles  for 
various  wall  materials. 

protect  the  wall  with  lighter  éléments  in  order  to 
take  advantage  of  their  lower  radiation  power.  This 
follows  from  a  figure  of  merit  which  relates  the 
tolerable  fraction  of  impurities  resulting  from  figure  1 1 
to  the  sputtering  coefficient  for  the  same  dément  [8]. 
In  figure  1 3  this  ratio  is  given  for  a  number  of  potential 
wall  materials,  like  SS,  carbon,  and  refradory  metals, 
as  a  function  of  the  plasma  edge  température.  One 
observes  that  heavier  éléments  offer  advantages  only 
if  the  edge  température  is  not  too  high.  If  the  tempe- 
rature  would  adjust  itself  to  higher  values,  lighter 
déments  should  be  preferred  as  wall  material. 
This  is  true  in  particular  for  limiters  which,  from 
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Fig.  13.  —  Figure  of  merit  for  différent  wall  materials. 
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their  very  nature,  are  in  very  close  contact  with  the 
plasma,  and  experiments  have  shown  that  upon 
replacing  the  limiter  material  from  refractory  metals 
to  Carbon  the  plasma  température  could  be  increased 
considerably,  indeed.  But,  in  gênerai,  the  arguments 
are  not  that  straight-forward.  They  have  to  include 
particle  transport  within  the  plasma  (impurities)  and 
in  the  edge  région,  in  particular.  But  our  knowledge 
of  particle  transport  is  still  comparatively  poor. 

As  far  as  experiments  are  concerned,  it  is  consistent 
to  assume  that  the  gross  particle  confinement  time 
is  about  2-4  times  the  energy  confinement  time,  but 
the  local  value  is  not  constant  over  the  plasma  cross- 
section.  Larger  machmes,  for  which  the  pénétration 
depth  of  neutrals  originating  from  the  wall  becomes 
small  in  comparison  to  the  plasma  radius,  have 
given  some  deeper  insight  into  this  problem.  But  it 
is  still  the  outer  edge,  which  is  govemed  by  recycling, 
where  we  need  to  know  the  détails  in  order  to  formu- 
late  the  full  balance  équations  which  détermine  the 
edge  température  and  the  sputtermg  in  turn. 

But  even  if  one  knows  how  many  impurities  are 
generated  per  unit  time,  one  has  to  check  how  and 
at  which  rate  they  are  penetrating  deeper  into  the 
plasma.  Diffusion  theory  predicts  their  accumulation 
in  the  plasma  centre  due  to  friction  between  light  and 
heavy  ions.  Indication  of  such  an  efïect  was  reported 
from  Pulsator  [9]  for  a  rather  coUisional  plasma, 
but  no  clear-cut  indications  about  impurity  accumu- 
lation are  known  yet  for  less  collisional  plasmas. 
There  the  best  description  is  that  the  fractional 
impurity  concentration  is  constant  over  the  whole 
cross-section. 

It  would  be  extremely  important  to  know  if  this 
expérimental  finding  could  still  hold  under  reactor 
conditions,  because  even  if  one  would  succeed  in 
reducing  the  impurity  génération  to  an  acceptably 
low  value,  one  still  has  the  problem  of  the  fusion 
generated  hehum.  If  this  would  not  accumulate  in 
the  centre  but  rather  distribute  itself  smoothly  over 
the  cross-section,  one  could  keep  its  concentration 
low  enough  by  pumping  at  the  plasma  edge.  If  the 
contrary  happened,  the  fuel  would  become  more 
and  more  diluted  so  that  the  reactor  would  quench 
itself  either,  for  constant  pressure,  due  to  lack  of 
fuel,  or,  for  constant  fuel  density,  due  to  exceeding 
its  pressure  balance  limit. 

Also  for  this  reason,  it  is  very  satisfactory  that 
for  experiments  with  high  température  plasmas  impu- 
rity accumulation  in  the  plasma  centre  is  not  found, 
but  the  even  distribution  of  impurities  over  the 
plasma  cross-section  still  makes  it  necessary  to 
reduce  their  génération  at  the  wall.  This  could  either 
be  done  by  reducing  the  plasma  edge  température 
according  to  the  concept  of  a  cold  plasma  mantle  or 
by  reducing  the  wall  bombardement  by  the  intro- 
duction of  a  divertor,  or,  more  probably,  by  a  combi- 
nation  of  both.  The  basic  principle  of  a  divertor  is 
the  magnetic  introduction  of  a  scrape-off  layer 


along  which  most  of  the  edge  particles  are  carried 
out  of  the  plasma  chamber  without  too  large  inter- 
férence with  the  vacuum  wall.  Via  the  pressure  in 
the  divertor  chamber  the  pressure  in  the  scrape-off 
layer  could  be  controlled. 

Although  the  impurity  question  is  probably  the 
most  crucial  at  présent,  there  are  only  very  few 
experiments  especially  devoted  to  this  problem.  Dite 
and  Diva  have  yielded  first  information  on  the 
bundle  and  the  poloidal  divertors  respectively,  Asdex 
and  PDX  will  investigate  the  properties  of  the  poloidal 
divertor  for  higher  température  plasmas  and  Textor 
will  study  the  plasma/wall  interaction.  The  intro- 
duction of  a  divertor  into  a  tokamak  machine,  how- 
ever,  would  add  considerably  to  the  technical  diffi- 
culties.  Therefore,  one  should  try  hard  to  be  able  to 
live  without  it.  In  this  connection,  it  is  surprising 
that  there  is  practically  no  expérimental  programme 
on  the  concept  of  the  cold  plasma  mantle  although 
it  has  to  be  admitted  that  here  reactor  relevant  expe- 
riments are  difficult  to  perform. 

A  very  similar  situation  exists  with  respect  to 
the  fraction  of  the  magnetic  field  energy  used  for 
plasma  confinement.  In  contrast  to  the  impurity 
situation,  however,  the  achievement  of  higher  betas  is 
not  yet  a  vital  question  with  the  présent  experiments, 
but  only  comes  up  for  the  forthcoming  experiments 
after  Jet.  etc.,  i.e.  in  connection  with  an  expérimental 
test  reactor. 

Theoretical  investigations  indicate  that  assuming 
a  fixed  boundary  of  the  plasma  high-«  ballooning 
modes  might  allow  an  average  fi  of  up  to  a  few  percent. 
Also  low-«  internai  modes  might  not  become  more 
restrictive  under  thèse  conditions.  A  plasma  cross- 
section  slightly  elongated  parallel  to  the  main  axis 
of  the  torus  should  have  a  positive  effect  on  beta. 

The  maximum  P  for  low-«,  free  boundary  kink 
modes  dépends  strongly  on  the  pressure  and  current 
profiles.  If  they  are  optimized,  values  for  beta  up 
to  4-5  %  or  so  can  be  expected  from  them.  A  conduc- 
tive  wall  or  short  circuit  loops  around  the  plasma 
would  have  a  stabilizing  influence  if  their  distance 
from  the  plasma  edge  is  not  larger  than  about  1/3 
of  the  plasma  radius.  Feed-back  stabilization  will 
help  to  counteract  the  dominant  modes. 
_  Expérimental  results  were  obtained  in  Tosca  with 

=  2  %  and  in  ISX-B  with  13=  1.8  %  (8  %  on  the 
axis).  Thèse  numbers  are  still  lower  than  needed  in 
reactors,  but  it  is  essential  that  the  poloidal  beta  has 
already  exceeded  one.  Above  this  limit  the  pressure 
balance  can  no  longer  be  established  by  the  poloidal 
field  alone,  but  the  toroidal  field  has  to  contribute. 
Obviously.  the  transition  from  the  paramagnetic  to 
the  diamagnetic  régime  occurs  rather  smoothly. 

It  would  be  very  interesting  to  learn  how  the  plasma 
would  react  when  the  plasma  pressure  gradually 
approaches  the  beta  limit.  If  this  did  not  resuit  in  a 
sudden  loss  of  the  plasma,  but  only  in  a  steep  increase 
of  the  losses.  this  would  be  an  idéal  effect  for  auto- 
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matic  reactor  burn  control  at  optimum  conditions. 
Burn  control  would  be  rather  difiicult  to  manage 
otherwise. 

In  conclusion,  it  is  perhaps  not  too  bold  to  expect 
the  ignition  of  a  D-T  plasma  in  the  nol  too  far  future. 
The  main  obstacles  still  to  overcome  are  the  impurity 


problem  and  to  reach  a  stable  plasma  state  at  a  suffi- 
ciently  high  beta.  Certainly,  this  assumes  that  al! 
difficulties  are  already  known  and,  during  the  remain- 
ing  step  to  reactor  conditions,  no  new  ones  will  occur. 
We  might,  however,  allow  ourselves  this  hope  because 
of  the  progress  made  during  the  previous  years. 
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Résumé  -  Durant  les  années  précédentes  nous  avons  fait  des  progrès  importants  vers  la  '^o'^P'-éh^"^-""J\^ 
tlZ  a  nécessité  d  une  implosion  à  symétr.e  sphénque  et  le  problème  d  instab.l.tes  de  Rayle.gh-Taylor.  1 

pol  par  des  réacteurs  de  fusion  par  laser.  Ce  n'est  pas  d.re  que  nous  avons  J^"-  -''l";^  ""^^^ 

de  fusion  par  confinement  inertiel,  mais  plutôt  que  nous  proposons  un  système  avantageux,  qui  peut  être  ut.i^e 

corlirpomt  de  comparaison  pour  d'autres  solutions  dont  les  performances  pourront  être  jugées  par  rapport 

^N^ ^n^dottn':^^^^^^^  la  fusion  par  confinement  inertiel  sera  un  jour  une  source  pratique  d'énergie 
pour  le  monde. 

Abstract  -  inertial  confinement  fusion  is  the  présent  and  future  source  of  energy  m  our  universe^  f^^'^'l'Tn 

mmmmmm 

positively  to  the  advance  to  the  time  when  fusion  energy  wiU  positively  contribute  to  the  energy  supply  for  man- 

ControUed  fusion  is  judged  by  us  to  be  the  world's  most  challenging  technological  problem.  The  potential  benefit 
fo  m     md  oran^ilim'ited  source  of  energy  and  thus  a  higher  standard  ^^^^^^^^^^^^^^^ 

Fusion  is  the  future  of  the  world  and  one  of  thèse  approaches  to  fusion  is  vital  to  our  future  générations. 


1 .  Introduction.  —  The  basic  concept  of  laser  fusion 
has  been  descnbe  many  times  in  the  past  [1].  Here 
we  can  summarize  it  in  a  simple  statement  of  two 
requirements  :  fuel  density  times  radius,  pr, 
^  1  gm/cm^  and  températures  >  5  keV.  The  intense 
focusing  capability  of  the  laser,  10^*  to  10^^  W/cm'  is 
used  to  create  a  plasma  at  the  surface  of  a  spherical 
pellet,  the  intense  heating  of  the  plasma  by  the  laser 
provides  the  energy  required  to  ablate  the  surface  of 
the  pellet  and  compress  the  fuel  to  densities  of  a  1  000 
to  10  000  X  liquid  density  of  DT.  The  implosion  pro- 
cess  is  tailored  so  that  at  peak  compression  the  fuel 
also  achieves  a  température  of  approximately  5  keV. 
At  thèse  températures  and  densities  and  where  we 
have  provided  a  sufficient  large  pr,  ^  1  g/cm^  we  will 
achieve  efficient  burn.  As  pointed  out  in  the  past, 
the  reason  for  compressing  the  fuel  is  to  achieve 
pr  ~  1  for  pellet  sizes  which  are  sensible  for  fusion 
reactors.  Since  pr  ~  C^/-\  where  C  is  the  compression, 
by  compressmg  the  fuel  to  1  000  x  liquid  density, 
we  reduce  the  requirement  on  the  radius  of  the  pellet 
by  a  factor  of  100.  Thus  the  goal  of  the  Laser  Fusion 


Program  is  to  use  lasers  to  demonstrate  that  thèse 
conditions  can  be  achieved  and  thus  prove  the  scien- 
tific  feasibiUty  of  laser  fusion. 

Over  the  past  several  years,  since  1974  at  the  Law- 
rence Livermore  Laboratory,  we  have  been  pursuing 
thèse  goals  using  a  séries  of  neodymium  glass  lasers 
as  the  driving  sources.  In  figure  1,  we  summarize 
our  results  and  projections  for  the  future  in  a  chart 
where  we  plot  the  results  as  a  function  of  the  quality 
of  inertial  confinement  ni  which  corresponds  to  pr 
and  the  DT  ion  température.  As  seen  in  the  figure, 
our  experiments  began  with  Janus  using  a  single 
beam  in  1974  at  a  power  of  0.2  TW.  At  that  time  we 
were  able  to  achieve  an  ut  of  several  times  10"  and 
approximately  a  0.5  keV  ion  température.  In  1975 
with  two  beams  from  Janus  and  0.4  TW,  we  were 
able  to  increase  the  fuel  température  to  approximately 
2  keV  with  approximately  the  same  value  of  nx.  The 
major  importance  of  the  resuit  m  1975  was  that  we 
were  able  to  use  the  fusion  reactions  to  demonstrate 
that  the  reactions  produced  were  truly  thermo- 
nuclear  [2].  By  1976  we  had  developed  Argus  at  4  TW 
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Fig.  1.  —  Laser  fusion.  Progress  projections. 


and  had  achieved  ion  températures  of  approximately 
lOkeV. 

This  whole  séries  of  experiments  was  done  with  a 
type  of  target  which  is  called  an  exploding  pusher  [3]. 
The  main  idea  in  thèse  experiments  was  to  demonstrate 
that  the  laser  could  be  used  to  achieve  the  fusion 
température  conditions  albeit  at  low  fuel  densities. 
This  lower  path  shows  that  Shiva  and  Nova,  the  next 
laser  coming  on-line,  could  continue  with  this  type 
of  target  and  achieve  higher  values  of  m.  However, 
this  type  of  target  with  the  énergies  available  will  not 
achieve  break-even  and  is  not  a  viable  candidate  for 
a  fusion  reactor  target.  In  1976  we  also  began  our 
first  séries  of  experiments  moving  away  from  the 
exploding  pusher  concept  in  order  to  achieve  high 
densities  although  at  relatively  low  fuel  températures 
with  current  laser  Systems  [4].  By  1978  with  Argus- 
at  2kJ,  we  had  achieved  10  x  liquid  density  and 
early  in  1979  with  Shiva  at  8  kJ  we  had  achieved 
100  X  liquid  density.  The  fuel  température  in  thèse 
fuel  compressions  are  kept  low  at  approximately  a 
half  a  kilovolt  to  maximize  the  fuel  compression  and 
provide  only  sufficient  number  of  thermonuclear 
reactions  for  diagnostic  purposes.  The  achievement 
of  100  X  liquid  density  from  significantly  less  than 
liquid  density  as  a  starting  point  is  indeed  a  signi- 
ficant  achievement.  To  achieve  this  goal,  we  had  to 
provide  sufficiently  uniform  implosion  of  the  target 
and,  we  had  to  achieve  a  condition  which  alleviated 
the  problem  of  the  Rayleigh-Taylor  instability  [6]. 

The  next  step  in  the  program  to  achieve  greater 
than  1  000  x  liquid  density  will  also  require  signi- 
ficant  developments.  One  is  already  in-hand,  that  is 
opération  of  Shiva  at  its  fuU  energy  potential  of 
15  kJ  [7].  Target  designs  exist  which  project  thèse  fuel 
densities  ;  however.  they  require  additional  develop- 
ments in  the  area  of  target  fabrication.  After  once 
achieving  1  000  x  liquid  density,  the  program  can 
then  use  this  high  density  design  and  resuit  to  examine 
questions  of  stability  through  variations  of  the  target 


parameters.  We  also  plan  to  trade  some  of  the  final 
fuel  density  for  température  in  order  to  produce 
a  significant  thermonuclear  burn  by  achieving  tempe- 
ratures  of  2  keV  at  thèse  high  densities.  However, 
2  keV  and  50  x  liquid  density  will  not  be  sufficient 
to  allow  us  to  achieve  self-trapping  of  the  particles  in 
the  fuel  and  therefore  cause  the  particles  to  raise  the 
température  of  the  burning  fuel.  This  boundary  is 
called  the  ignition  boundary  and  is  not  expected  to  be 
achieved  until  we  have  at  least  the  first  phase  of  the 
Nova  System.  This  System  is  presently  scheduled  for 
completion  in  1983  and  the  full  Nova  system  [8,  9] 
which  is  expected  to  produce  break-even  or  greater 
will  be  ready  in  1985. 


2.  Fusion  laser  Systems  at  LLL.  —  The  Laser 
Fusion  Program  at  Livermore  has  utilized  four 
neodymium  glass  laser  Systems  for  the  démonstration 
of  important  milestones  in  laser  fusion  and,  we  are 
constructing  the  Nova  system  which  will  also  be  a 
neodymium  glass  laser  system.  The  reader  is  referred 
to  papers  from  the  Livermore  Solid  State  Program 
which  describe  our  laser  Systems  :  Janus  a  two  beam, 
8.5  cm  output  aperture  system  [10],  Cyclops  a  single 
beam,  20  cm  output  aperture  system  [11],  Argus  a 
two  beam,  28  cm  output  aperture  laser  system  [12], 
Shiva  the  twenty  beam,  20  cm  output  aperture 
System  [7]  and  Nova  [8]  which  has  not  yet  been  frozen 
in  a  final  design. 

Ail  of  thèse  Systems  utilize  rod  amplifiers  and  disk 
amplifiers,  Pockel's  cells.  Faraday  rotators,  and  spatial 
filters.  The  technology  for  thèse  laser  Systems  has 
largely  been  developed  at  the  Livermore  Laboratory 
by  the  Solid  State  Laser  Program.  However,  the 
manufacturing  of  the  parts,  fabrication  of  the  glass, 
the  finishing  of  the  glass,  and  the  coatings  are  ail  done 
in  industry  primarily  in  the  United  States  but  also  in 
other  countries. 

Shiva  the  system  which  we  are  now  operating  is 
a  twenty  beam  system  which  has  2.5  cm  and  5  cm 
diameter  rod  amplifiers  ;  and  9  cm,  15  cm,  and  20  cm 
diameter  disk  amplifiers.  The  system  is  assembled 
using  the  image  relaying  concept  which  was  first  put 
forward  by  John  Hunt  [13].  Ail  twenty  beams  are 
fuUy  diagnosed  at  the  laser  output  to  détermine  the 
energy,  spatial  distribution  of  energy,  temporal  profile 
of  the  output  puise,  and  any  prepulses.  The  system 
utilizes  twenty  incident  beam  diagnostic  packages, 
IBD,  and  twenty  pointing  focusing  centering/reflected 
beam  diagnostic  packages,  PFC/RBD  [14].  The 
beams  on  Shiva  are  arrayed  in  two  clusters  of  ten 
which  approximate  the  focusing  cone  of  //l  lenses. 
The  beams  are  arranged  so  that  each  beam  has  an 
opposite  member  through  a  diagonal  in  the  target 
chamber.  Thus  each  beam  has  its  opposite  member 
and  the  PFC/RBD  system  may  be  used  for  accurate 
alignment  of  the  target  and  the  focus  of  each  one  of 
the  beams  as  has  been  done  on  our  two  beam  Systems, 
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Janus  and  Argus.  The  upper  and  lower  clusters  consist 
of  two  pentagonal  anays  of  beams,  an  inter  pentagon 
and  an  outer  pentagon.  The  inner  cluster  is  rotated 
36°  with  respect  to  the  outer  cluster.  This  arrangement 
of  the  beams  on  Shiva  allows  significant  room  in 
the  equatorial  région  for  target  diagnostics.  In  figure  2, 
we  show  an  artist's  view  of  the  Shiva  target  chamber 
showing  the  beams  arriving  at  the  top  and  the  bottom 
of  the  target  chamber  and  a  number  of  the  target 
diagnostic  instruments  that  are  used  in  the  experi- 
ments. 


Fig.  2.  —  Shiva  target  chamber 


Three  instruments  that  will  be  discussed  more 
later  in  this  paper  are  the  Dante  sub-kilovolt  time 
resolved  spectrometer,  the  FFLEX,  filter  fluorescer 
experiment,  which  is  a  time  integrated,  high  energy 
X-ray  spectrometer  and  the  radiochemistry  diagnostic 
which  is  used  to  measure  the  activation  of  varions 
target  materials.  The  Shiva  system  has  146  amplifiers, 
122  relay  spatial  filters,  and  84  optical  diode  gâtes  in 
the  laser  design.  There  are  more  than  1  000  control 
points  and  more  than  1  000  data  records  are  taken 
on  every  shot.  Through  the  use  of  microprocessors, 
fiber  optic  communication  links,  minicomputers, 
and  a  higher  level  supervisory  computer  [15],  we  have 
been  able  to  bring  this  system  into  opération.  Micro- 
processors are  located  near  the  control  function  or 
data  taking  élément  and  are  used  as  front-end  pro- 
cessors.  There  are  more  than  60  LSI- 11  micro- 
processors in  the  Shiva  system.  The  LSI- 11  micro- 
processors are  connected  back  to  a  minicomputer 
to  provide  for  central  control  and  analysis  of  each 
one  of  the  four  functional  blocks  of  the  Shiva  control 
and  data  system.  The  four  functional  blocks  are  the 
power  conditioning  which  includes  the  charging 
and  firing  of  the  capacitor  banks  and  the  timing  for 
the  remainder  of  the  system,  the  laser  diagnostics, 
the  alignment  system,  and  the  target  diagnostics 
System. 

Thc  Shiva  control  system  has  bccn  cxtrcmcly 


successful  and  has  represented  a  very  significant 
savings  in  time  and  money  in  terms  of  the  imple- 
mentation  and  opération  of  the  Shiva  laser  target 
irradiation  system.  Shiva  has  attained  and  exceeded 
its  design  goals.  The  original  goal  was  10  kJ  in  1  ns 
and  20  TW  for  puises  <  100  ps.  We  have  conducted 
a  target  compaign  where  we  have  fired  a  significant 
number  of  shots  at  90  ps  and  powers  of  10  to  27  TW. 
The  27  TW  actually  exceeded  the  damage  threshold 
before  the  installation  of  the  output  spatial  filters. 
However,  now  with  the  output  spatial  filters  in  the 
Shiva  System,  the  damage  threshold  has  been  increased 
to  30  TW  [7].  For  long  puise  opération,  i.e.  of  the 
order  of  a  nanosecond,  we  have  done  experiments  in 
excess  of  10  kJ  and  now  with  the  output  spatial 
filter,  we  can  operate  safely  up  to  15  kJ.  The  Nova 
laser  system  which  is  intended  to  provide  more 
than  a  factor  of  10  increase  in  both  power  and  energy 
capability  as  compared  to  Shiva  started  out  as  a 
design  study  to  détermine  what  upgrade  possibilities 
there  were  for  the  Shiva  system. 

Developments  in  the  Solid  State  Program  in  terms 
of  laser  design  and  materials  led  us  to  the  conclusion 
that  it  was  possible  to  make  a  significant  extension 
of  the  technology  of  the  solid  state  lasers  to  provide 
a  facility  in  the  range  of  0.25-0.50  M J.  The  full 
Nova  System  has  been  proposed  to  Congress  and  the 
Department  of  Energy  and  at  présent  the  Congress 
has  authorized  the  construction  of  Phase  I  of  Nova. 
Phase  I  would  consist  of  half  of  the  laser  building 
and  ~  0.4-0.5  of  the  total  laser  capabihty. 

Phase  I  of  Nova  will  occupy  a  new  building  imme- 
diately  adjacent  to  the  présent  Shiva  building  and 
with  the  completion  of  Phase  I  it  is  planned  to  remove 
the  Shiva  target  chamber  from  the  target  room  and 
restage  and  rebuild  the  lasers  in  the  Shiva  building 
to  conform  to  the  Nova  design  in  the  east  wing.  The 
full  System  will  produce  of  the  order  of  300  kJ  in  3  ns 
and  is  expected  to  achieve  target  gains  of  break-even 
or  greater.  At  scientific  break-even  the  number  of 
neutrons  produced  in  a  single  reaction  will  be  >  10'^ 
This  is  a  number  of  neutrons  not  to  be  ignored. 
In  figure  3,  we  show  one  of  the  conceptual  designs 
of  the  Nova  reaction  chamber  [9].  In  this  design, 
we  show  a  double-walled  vessel  which  uses  aluminum 
for  the  inner  wall,  contains  water  between  the  two 
walls,  and  utilizes  fiber  glass  as  the  outer  wall.  The 
materials  are  chosen  to  minimize  the  long  term 
activation  of  materials  in  the  target  chamber  and  to 
minimize  the  activation  of  materials  in  the  target 
room  and  the  target  room  itself.  With  yields  expected 
from  the  Nova  system,  we  must  begin  paying  serious 
attention  to  the  location  of  diagnostic  instrumentation. 
Although  the  diagnostic  instrumentation  is  shown 
schematically  in  the  target  room,  in  actuality  we 
expect  to  have  the  electronic  instrumentation  outside 
the  target  room  so  that  the  diagnostics  will  extend 
through  lines  of  sight  through  the  seven  foot  concrète 
wall  of  the  Nova  target  room. 
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Fig.  3.      Novii  uirgel  chamber. 


3.  Target  diagnostics.  —  In  this  section  we  will 
présent  characteristics  of  some  of  the  target  dia- 
gnostics which  have  been  implemented  for  the  Argus 
and  Shiva  experiments.  As  is  well  known  by  now, 
the  X-ray  spectrum  from  a  laser  irradiated  target  is 
quite  complex.  It  consists  of  a  thermal  portion  of  the 
spectrum  which  contains  most  of  the  energy  and 
generally  is  in  the  région  of  a  100  eV  to  1.5  keV. 
Since  targets  generally  contain  materials  with  Z  >  14, 
we  expect  line  radiation  in  the  région  of  1  to  several 
keV  and  above  this  région  we  expect  to  see  the  signa- 
ture of  the  suprathermal  électrons  which  are  produced 
in  the  laser  absorption  process. 

The  two  portions  of  the  spectrum  which  we  will 
be  concerned  with  in  this  paper  are  the  thermal 
sub-keV  portion  of  the  spectrum  and  the  supra- 
thermal portion  of  the  spectrum  produced  by  the 
high  energy  électrons.  We  have  improved  our  Dante 
spectrometer  which  utilizes  windowless  X-ray  diodes 
and  filtering  materials  to  produce  spectral  discri- 
mination in  this  portion  of  the  spectrum.  The  most 
récent  implementation  of  this  system  is  a  ten  channel 
spectrometer  [16]  designated  Dante  T.  The  aluminum 
photo-cathodes  in  combination  with  materials  such 
as  CH,  V,  Cr,  Fe,  Co,  Ni,  Cu,  Zn,  Ge,  and  Al  provides 
spectral  discrimination  in  this  région  of  the  spectrum. 
We  have  utilized  diodes  with  200  ps  and  50  ps  response 
time.  Typically  the  Dante  spectrometer  is  coupled 
with  Tektronix  R  7912  transient  digitizers  for  an 
overall  response  time  of  the  order  of  a  0.5  ns  or  to 
the  Thompson  CSF  TSN  660  oscilloscope  which  has 
a  band-width  of  4  GHz. 

For  the  high  energy,  suprathermal  portion  of  the 
X-ray  spectrum  we  have  implemented  what  we  call 
our  filter  fluorescer  experiment  or  FFLEX  [17]. 
In  the  past  we  have  used  simple  A^-edge  filters  in 


combination  with  detectors  to  provide  spectral  discri- 
mination. However,  as  the  spectra  have  become 
hotter,  that  is  more  energy  in  the  suprathermal 
tail,  and  a  less  rapidly  falling  spectrum,  the  contri- 
bution to  a  spectral  channel  from  its  response  above 
the  A^-edge  became  significantly  large  and  thus 
eliminated  the  spectral  discrimination  at  the  A^-edge. 
To  overcome  this  limitation  we  have  gone  to  the 
addition  of  a  fluorescer  foil.  The  A^-edge  defines  a 
région  of  the  spectrum  which  is  allowed  to  pass  the 
first  filter.  This  spectrum  then  impinges  on  a  fluorescer 
foil  which  has  its  A'-edge  slightly  below  that  of  the 
prefilter.  In  this  situation,  most  of  the  X-rays  which 
are  produced  are  due  to  X-rays  between  the  two 
AT-edges  of  the  two  filters.  The  rapidly  falling  cross 
section  for  the  production  of  fluorescence  radiation 
in  the  fluorescer  foil  by  X-rays  having  passed  through 
the  prefilter  above  the  A:-edge  produces  very  little 
response  for  the  detector.  Thus  the  combination  of 
the  A^-edge  prefilter  and  the  fluorescer  foil  produces 
a  narrow  band  response  which  can  then  be  used  to 
accurately  define  the  suprathermal  X-ray  spectrum. 
In  our  typical  filter  fluorescer  experiment,  we  utilize 
ten  channels  which  provide  spectral  discrimination 
from  2  keV  up  to  110  keV. 

As  discussed  earlier  in  the  introduction,  an  extre- 
mely  important  aspect  of  our  program  is  to  be  able 
to  measure  the  density  in  targets  with  relatively 
high  density  but  low  température.  One  technique  is  by 
the  activation  of  radio  nuclides  in  the  target  material 
to  détermine  fuel  and  shell  densities  [9,  18].  The  DT 
fusion  reaction  produces  the  14  MeV  neutrons  which 
then  activate  varions  materials  in  the  target.  If  a 
seed  material  is  placed  in  the  fuel,  then  this  can  be 
activated  for  direct  détermination  of  the  fuel  pi . 
An  average  fuel  density  can  then  be  calculated. 
The  activation  of  other  materials  provides  information 
about  the  density  radius  product  of  those  materials 
at  the  time  of  the  bum  of  the  fusion  fuel. 

More  specifically,  in  figure  4  we  show  schematically 
how  the  neutron  from  the  fusion  reaction  could  be 
used  to  détermine  the  areal  density  of  a  Si02  pusher. 


Fig.  4.  —  The  effective  p  A/?  of  the  glass  microsphere  is  determined 
by  means  of  radiochemistry. 
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Neutrons  froni  the  fusion  reaction  intcracting  with  the 
-«Si  in  the  puslier  produce  ^'^Al  which  is  a  radioactive 
nucHde.  It  has  a  beta  gamma  decay  with  a  half-Hfe  of 
2.24  min.  ^'s  are  emitted  with  an  energy  of  2.86  MeV 
and  the  y's  with  an  energy  1.78  MeV.  As  shown  in  the 
équation,  if  the  neutron  yield  is  measured  indepen- 
dently,  which  is  truc  for  our  experiments,  then  if  we 
are  able  to  détermine  the  number  of  ^**A1  atoms  pro- 
duced,  we  can  détermine  the  p  Ar  of  the  pusher  mate- 
rial.  Knowing  the  p  Ar  of  the  pusher  material  is  of 
course  very  useful  but  we  would  hke  to  also  be  able 
to  relate  that  information  to  the  fuel  density.  We  can 
either  relate  the  measured  p  Ar  of  the  pusher  to  the  fuel 
density  using  our  complex  design  code  or  we  can  try  to 
find  a  simple  way  to  relate  thèse  two  quantities.  A 
simple  model  for  this  target  relationship  assumes 
that  the  mass  of  the  fuel  and  the  glass  pusher  is 
conserved.  We  also  make  the  assumption  initially 
that  the  density  of  the  two  materials  are  uniform 
although  not  equal.  Finally,  we  make  the  observation 
that  the  pressure  and  température  at  the  pusher-fuel 


For  cases  where  Ar^jr^if)  <^  1,  we  need  no  further 
assumptions. 

However,  this  is  not  generally  true  and  we  make 
the  isobaric,  isothermal  assumption  to  obtain  a 
relationship  between  Pf{f)  and  Pf{p).  This  leads  to 

p{p)  =  ^Pif)  (4) 
where  a  is  determined  by  the  degree  of  ionization  of  the 
pusher  material.  We  can  then  write, 

Pfif)  =  [PfiP)  àr^r'  G[Mip),  M(/),  a]  .  (5) 

In  figure  5,  we  plot  the  solution  for  the  above 
assumptions  which  is  shown  as  the  solid  line  relating 
effective  SiOj  pusher  p  Ar  to  the  maximum  fuel 
density.  It  is  interesting  to  note  that  a  range  of  1  D 
simulations  essentially  bounds  this  simple  approxi- 
mate  solution.  Another  spatial  distribution  for  the 
simple  model  is  also  shown.  It  is  interesting  to  note 
that  this  rather  extrême  déviation  from  our  simple 
assumption  of  uniform  densities  produces  less  than 
a  factor  of  two  différence  in  the  inferred  fuel  density 


interface  must  be  continuous  and  equal  and  there- 
fore,  we  will  assume  that  the  pressure  and  températures 
are  uniform  and  equal  throughout  the  pusher  fuel 
régions. 

Conservation  of  the  masses  of  the  fuel  and  pusher 
gives, 

Mjif)  _  Mo(/) 

where  the  subscripts  0  and  /  represent  the  initial 
and  final  states  respectively  and  the/andp  in  brackets 
designate  the  fuel  and  pusher.  Further  using  the 
assumption  of  uniform  densities  in  the  fuel  and  the 
pusher,  we  can  write, 

înr}{f)pj{f)  înrUnpoif) 
f  n[rj{p)  -  rjify]  Pfip)     4  nrlip)  p^{p)  Ar^ 

where  we  have  also  assumed  that  the  initial  pusher 
thickness  Aro  <  r^if).  Simple  algebraic  manipulation 
leads  to, 


(3) 


100 


Fig.  5.  —  Maximum  <  p  >  fuel  vs.  effective  pusher  (p  Ar). 


for  a  given  pusher  p  Ar.  Finally,  we  show  the  situation 
for  a  complète  mixing  of  the  pusher  into  the  fuel 
such  that  there  are  equal  amounts  of  pusher  and  fuel 
material  in  the  fuel  région.  Again,  the  variation  from 
the  nominal  case  is  less  than  a  factor  of  two 


The  very  important  resuit  from  this  simple  study  of  final  fuel  density  and  relatively  msensitive  to  the 
the  use  of  activation  of  radio  nuclides  in  pusher  distribution  of  fuel  and  pusher  and  even  to  mixmg 
material  is  that  it  is  a  very  effective  determinate  of  the    of  the  pusher  into  the  fuel  [19]. 
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Now  let  US  examine  for  a  moment  how  an  experi- 
ment  might  be  performed.  In  the  analysis  of  the  data 
one  must  know  the  fraction  of  the  target  collected 
in  any  collection  System.  It  is  well  known  in  laser 
interaction  experiments  that  a  simple  coUector  does 
not  collect  the  geometrical  fraction  of  target  material 
that  it  intercepts.  As  a  resuit,  we  must  have  a  measure 
of  the  target  fraction  which  is  collected.  One  approach 
to  solving  this  problem  is  to  irradiate  the  target  in  a 
nuclear  reactor  with  thermal  neutrons  and  for  targets 
containing  glass  pushers  the  "Na  in  the  glass  can  be 
activated  to  produce  ^*Na.  ^'^Na  has  a  half-life  of 
1 5  hrs  and  the  target  is  counted  before  the  experiment 
is  performed.  After  the  implosion  experiment,  the 
^^Al  activity  can  be  counted  for  5  min  and  then 
the  remaining  ^"^Na  activity  can  be  counted  for 
24  hrs.  The  second  counting  of  the  ^'^Na  produces  the 
target  fraction  which  is  collected  allowing  the  déter- 
mination of  the  ^^Al  activity  produced  in  the  SiOi 
pusher. 

In  figure  6  we  show  schematically  how  this  system 
is  implemented  on  Shiva  and  we  also  show  schemati- 
cally a  multiple  shell  target  which  has  been  irradiated. 
The  multiple  shells  of  course  could  each  contain  a 
material  which  could  be  activated  by  the  neutrons 
from  the  fusion  reaction  thus  providing  information 
about  the  areal  density  of  each  one  of  the  shells  at  the 
time  of  the  fusion  reaction.  In  this  system,  the  coUector 
is  an  Al  cylinder  which  is  lined  with  reactor  grade  Ti 
or  Ta  foils.  It  is  important  that  the  coUector  foils 
not  contain  any  trace  materials  which  could  be 
activated  by  the  fusion  neutrons  from  the  reaction. 
After  the  experiment  has  been  performed,  the  alu- 
minum  cylinder  is  retracted  automatically  through 
a  gâte  valve  and  then  released  through  another  valve 
to  fall  down  through  a  plastic  tube  to  the  basement 
of  the  Shiva  system  where  the  counting  system  is 
located. 

The  counting  system  is  shown  schematically  in 
figure  7  [20].  It  consists  of  a  25.4  cm  Nal  crystal  for 
measuring  the  gamma  reactivity.  It  is  a  well  detector 
in  which  we  place  a  NE  1 02  fluor  system  which  contains 
the  Ti  or  Ta  foils  which  have  deposited  on  them  the 


Fig.  6.  —  Density  measurements  by  neutron  activation. 


activated  material  from  the  target.  The  NE  102  fluor 
consist  of  a  cylinder  around  which  the  foUs  are 
wrapped  and  then  this  cylinder  and  the  foils  are 
placed  inside  another  cylinder  of  NE  102  fluor. 
This  combination  is  then  placed  inside  the  Nal 
fluor  thus  producing  a  system  which  has  a  100  % 
efficiency  for  counting  the  ^  ray  decay  and  40  % 
efficiency  for  counting  the  y  ray  decay  for  a  combined 
efficiency  of  40  °o-  Because  of  the  extrême  sensitivity 
of  the  large  detector  system  to  outside  radiations, 
we  place  the  counting  station  in  the  basement  of 
Shiva  to  provide  significant  concrète  shielding  against 
cosmic  rays  and  other  naturally,  or  artificially, 
occurring  radiations.  We  also  place  the  system  inside 
a  10  cm  thick  lead  chamber. 


Fig.  7.  —  Density  measurements  by  neutron  activation. 


However,  even  with  aU  of  thèse  précautions, 
we  receive  significant  background  due  to  cosmic 
rays  which  enter  the  Nal  crystal,  Compton  scatter 
and  produce  coïncidence  counts  in  the  Nal  and  NE  1 02 
fluor  Systems.  To  reduce  the  background  due  to 
cosmic  rays,  we  have  surrounded  the  counting  crystals 
with  Geiger  tubes  which  also  sensé  the  arrivai  of 
cosmic  rays  and  thus  produce  a  triple  coincidence 
in  the  counting  system  and  are  thus  rejected.  The 
background  of  this  system  in  a  five  minute  counting 
interval  is  two  counts.  Thus  the  utilization  of  this 
System  with  glass  pushers  has  produced  an  extremely 
low  threshold  for  determining  the  p  Ar  of  glass 
pushers. 

Another  technique  that  we  have  developed  to 
détermine  the  size  of  the  compressée  fuel  région  is 
the  utilization  of  a  spatial  discriminating  crystal 
spectrometer  which  is  designed  to  look  at  the  line 
émission  from  argon  contained  in  the  fuel  [21]. 
A  crystal  spectrometer  is  used  to  provide  spectral 
discrimination  and  a  slit  perpendicular  to  the  direction 
of  the  spectral  dispersion  provides  spatial  discri- 
mination in  one  direction.  The  difficulty  in  utilizing 
this  type  of  system  is  that  as  the  pusher  becomes 
more  dense,  the  opacity  for  the  propagation  of  the 
seed  material  line  radiation  through  the  pusher 
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increases  thus  eliminating  the  possibility  of  propagat- 
ing  this  radiation  out  to  the  détecter.  Thus,  as  we 
go  to  pusher  materials  of  higher  density  or  higher 
opacity,  we  must  go  to  seed  materials  with  higher 
energy  characteristic  radiation  thus  requiring  increas- 
ed  fuel  température  to  generate  the  characteristic 
radiation. 

In  figure  8  we  summarize  the  density  measuring 
capability  of  a  number  of  différent  techniques. 
We  plot  the  density  confinement  radius  product 
as  a  function  of  the  DT  neutron  yield.  The  varions 
boundaries  in  the  figure  represent  the  boundary  of 
applicability  of  various  density  measuring  techniques. 
In  the  past  with  low  density  targets.  we  have  utilized 
imaging  of  the  alpha  particles  to  détermine  the  size, 
shape,  and  distribution  of  the  burning  région  of 
exploding  pusher  targets  [22].  In  this  figure,  we 
clearly  see  that  this  technique  is  limited  to  exploding 
pusher  targets  since  the  upper  boundary  of  the  density 
confinement  radius  product  is  10'^  g/cm^  Thus  this 
technique  basically  has  no  applicability  for  high 
density,  intermediate  yield  targets.  Of  course,  the 
technique  can  be  utilized  again  when  we  can  image 
the  neutrons  rather  than  the  alpha  particles  [9]. 


DT  neutron  yield 


Fig.  8.  —  Présent  density  diagnostic  operating  régimes. 


The  four  shaded  régions  showing  Ar,  Br,  Si,  and  Cu 
represent  the  utilization  of  radiochemistry  either  of 
materials  in  the  fuel,  such  as  Ar  or  Br,  or  materials 
in  the  pusher,  such  as  Si  or  Cu.  Cu  appears  to  offer 
a  very  significant  advantage  in  that  density  radius 
products  as  high  as  10"^g/cm^  can  be  measured 
with  neutron  yields  of  as  low  as  several  times  10'^. 
The  région  of  usefulness  for  the  Si  in  the  pusher  is 
in  the  range  of  10*^  to  10^  neutrons.  There  is  only  a 
small  shift  over  to  the  right  for  Br  in  the  fuel  and  thus 
Br  as  a  seed  material  in  the  fuel  would  be  extremely 
useful  in  diagnosing  the  density  of  100  x  liquid 
density  targets.  Ar  requires  much  higher  yields  in  the 
order  of  10'"  to  be  useful  for  determining  fuel  density. 
The  other  boundary  placed  in  this  parameter  space  is 


the  use  of  Ar  imaging  and  here  we  show  that  as  the 
neutron  yield  increases,  basically  the  température  of 
the  fuel  and  pusher  material  are  increasing  thus 
reducing  their  opacity  and  making  it  possible  to 
propagate  the  X-ray  lines  through  the  material 
surrounding  the  fuel.  In  summary,  it  appears  that  Cu 
is  an  extremely  useful  material  in  the  pusher  in  terms 
of  activation  for  density  détermination.  The  material 
in  the  fuel  that  would  be  most  useful  is  Br  ;  however, 
Si  is  a  useful  material  and  can  provide  information 
about  fuel  density  for  targets  with  glass  pushers  with 
p  Ar  ^  10"^  g/cm^ 

The  final  diagnostic  technique  which  we  wish  to 
discuss  in  this  paper  is  the  use  of  an  auxiliary  X-ray 
backlighting  source  to  provide  radiographie  infor- 
mation as  to  the  density  distribution  in  the  target 
either  as  a  function  of  position  or  as  a  function  of 
time  [23,  24,  25].  In  considering  this  type  of  diagnostic, 
we  must  remember  that  the  laser  target  itself  is  a  very 
intense  emitting  source  of  X-rays.  Therefore,  we 
must  provide  an  X-ray  source  which  has  a  significantly 
higher  spectral  intensity  in  a  spectral  régime  of 
interest  in  order  to  make  radiographie  measurements. 
As  shown  in  figure  9,  the  concept  is  simply  to  use  a 
separate  laser  source  to  irradiate  an  auxiliary  target 
which  emits  intense  line  radiation  which  then  passes 
through  the  implosion  target,  is  spectrally  discri- 
minated  by  a  monochrometer  of  some  type,  imaged 
and  either  recorded  as  a  function  of  time  with  a 
X-ray  streak  caméra  or  recorded  as  a  flash  radiograph 
with  a  duration  much  less  than  the  implosion  time  of 
the  target.  This  type  of  diagnostic  is  not  particularly 
sensitive  as  a  density  diagnostic  but  rather  its  impor- 
tance is  as  a  diagnostic  which  either  provides  infor- 
mation on  the  dynamics  or  in  the  flash  radiograph 
mode  provides  significant  information  about  sym- 
metry  of  the  implosion  process. 

With  the  Argus  laser  system,  we  have  utilized  one 
beam  to  produce  the  X-ray  source  and  a  static  cold 
multi-shell  target  to  demonstrate  this  technique. 
In  the  particular  experiment  shown  in  figure  10, 
we  utilized  a  Sn  disk  as  the  auxiliary  X-ray  source 
which  produced  characteristic  L  line  émission  in 
the  range  of  3.8  to  4  keV.  Actually  in  our  study  of 


Fig.  9.  -  X-ray  probing/backlighting. 
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Fig.  10.  —  X-ray  probing  results  (reconstructed  image). 


auxiliary  targets  for  X-ray  backlighting,  we  found 
that  Ti,  hélium  like  lines  were  a  much  more  effective 
source.  We  showed  that  in  this  case  we  could  convert 
one  hundredth  of  a  per  cent  of  the  incident  laser 
energy  into  the  hélium  like  lines  of  Ti,  which  occur 
at  4.8  keV  thus  providing  a  very  intense  400  MW 
source  of  line  radiation  for  the  probing  of  our  implo- 
sion. However,  in  the  démonstration  experiment  we 
did  utilize  the  Sn  X-ray  émission  to  examine  the 
transmission  through  a  cold  static  glass  microshell 
143  [xm  in  diameter,  5  \im  wall  thickness,  with  50  ^m 
of  CH  plastic.  In  figure  10,  the  target  is  shown  schema- 
tically  on  the  left.  The  data  from  the  experiment  is 
shown  on  the  right  and  the  relative  intensity  of  the 
X-rays  transmitted  through  the  static  target  are 
shown  at  the  bottom  of  the  figure.  This  data  clearly 
shows  that  we  can  identify  the  interface  between  the 
plastic  and  the  glass  and  also  the  interface  between 
the  glass  pusher  and  fuel.  It  is  important  to  note 
that  this  will  not  always  be  true  as  the  pusher  material 
becomes  higher  and  higher  Z  material,  even  with 
intense  sources  at  5  keV,  we  will  not  be  able  to  pene- 
trate  the  pusher  and  accurately  détermine  the  boun- 
dary  between  the  fuel  and  the  pusher.  However, 
we  will  still  be  able  to  détermine  the  boundary  between 
the  pusher  and  the  ablator  and  to  follow  its  dynamics. 

Thus,  in  summary  we  have  developed  a  number  of, 
or  improved  a  number  of,  diagnostic  techniques 
which  provide  us  with  significant  new  information 
about  the  plasma  interaction,  the  density  of  the 
implosion,  or  the  dynamics  and  symmetry  of  the 
implosion  process. 

4.  Laser  plasma  interaction  experiments.  —  In  our 

expérimental  program  we  are  concerned  not  only 
with  implosion  experiments  but  also  with  under- 
standing  the  coupling  of  the  laser  energy  to  the  fusion 
targets.  As  a  resuit,  we  have  spent  a  considérable 
fraction  of  our  resources  in  developing  diagnostic 


techniques  and  methods  to  examine  the  interaction 
physics.  In  1975  we  first  observed  the  effects  of 
Brillouin  scattering  on  small  targets  with  short 
puise  lengths  [26].  The  observation  was  made  by 
measuring  the  polarization  dependence  of  the  scattered 
1.06  |am  light.  Although  the  effect  was  small  at  that 
time,  it  was  suspected  and  predicted  theoretically 
that  this  would  become  more  évident  and  become  a 
stronger  effect  for  larger  targets  and  longer  puise 
lengths.  In  May  1976  with  experiments  on  Cyclops 
where  larger  spot  sizes  and  longer  puises  were  used, 
.the  ratio  of  the  light  scattered  perpendicular  to  the 
plane  of  polarization  compared  to  the  that  in  the  plane 
of  polarization  grew  to  as  large  as  4  [27].  We  felt  at 
this  time  that  this  was  clear  évidence  of  the  existence 
of  Brillouin  scattering.  Since  then  we  have  done  a 
considérable  number  of  additional  experiments  to 
examine  thèse  effects.  One  of  the  clearest  signatures 
of  Brillouin  scattering  is  a  red  shift  in  the  back- 
scattered  light.  Since  the  incident  photon  is  resolved 
into  a  Sound  wave  and  a  backscattered  photon,  the 
photon  coming  back  toward  the  laser  must  be  red 
shifted.  Doppler  shifts  tend  to  produce  a  blue  shift 
of  light  due  to  the  outward  motion  of  the  critical 
density  surface  or  the  surface  from  which  the  photons 
are  scattering.  Thus  one  way  of  observing  the  effects 
of  Brillouin  scattering  is  to  use  a  spectrograph  to 
spectrall>  résolve  the  backscattered  light. 

In  figure  1 1  we  show  an  example  of  the  use  of  the 
spectrograph  coupled  to  a  Livermore  high  speed 
streak  caméra  to  also  provide  temporal  resolution  of 
the  spectrally  resolved  backscattered  light.  In  the 
experiment  shown,  the  laser  oscillator  produced  a 
1 00  ps  puise  which  was  inserted  into  a  puise  Stacker 
designed  to  produce  a  square  puise.  Due  to  the 
instability  in  the  puise  Stacker  for  this  particular 
application,  a  significant  modulation  in  the  output 
of  the  laser  was  observed.  As  shown  on  the  right 
in  the  figure  the  output  laser  puise  contains  four  well 
resolved  100  ps  puises.  The  target  was  irradiated 
with  this  puise  shape  and  the  time  resolved  spectrum 
of  the  blackscatter  is  shown  on  the  left  side  of  the 
figure.  It  is  interesting  to  note  that  the  structure 
observed  in  the  incident  puise  is  replicated  in  the 
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Fig.  1 1.  —  Time-resoived  spectrum  of  the  back-reflected  light 
shows  peak  red  shift  at  times  of  maximum  laser  power. 
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time  resolved  spectral  shift  ot"  the  backscattered  light. 
Also,  essentially  ail  of  the  backscattered  light  is  red 
shifted  which  of  course  does  not  allow  for  the  eflfect 
of  the  blue  shift  due  to  the  Doppler  effect  of  the 
outward  moving  critical  density  surface.  The  amount 
of  light  back  reflected  through  the  focusing  lens  is 
typically  about  8-10  To  obtain  an  accurate  picture 
of  the  amount  of  Brillouin  scattering.  one  must  also 
résolve  the  side  scaltercd  lighi,  i.c,  thaï  light  which 
is  not  back  reflected  through  the  focusing  lens. 
For  high  Z  targets  irradiated  at  intensities  of  the 
order  of  mid  10'*W/cm^  with  puises  in  the  range 
of  0.5-1.0  ns  the  typical  Bnllouin  scattering  component 
is  25-30     of  the  incident  light. 

Rosen  and  PhiUion  [28]  have  used  the  information 
from  the  rod  shifl  of  ihc  Bnllouin  scallercd  lighl  to 
obtain  information  about  the  time  history  ot  the 
température  in  the  corona  of  the  target.  They  have 
shown  that  the  mean  spectral  shift  of  the  Bnllouin 
scattered  light;  A/  ~  II'.  They  have  also  shown 
that  they  can  obtain  température  information  about 
the  corona  and  that  for  disks  irradiated  at  about 
3  X  10^*  W/cm^  the  corona  températures  are  ~  5keV 
whereas  for  disks  irradiated  at  3  x  10' ^  W/cm'  the 
corona  températures  are  ~  20  keV. 

We  have  continued  to  measure  the  suprathermal 
X-ray  spectrum  from  laser  irradiated  targets  in  an 
attempt  to  détermine  the  suprathermal  électron 
spectrum  which  is  created  by  the  interaction  of  the 
laser  with  the  target.  Over  the  years  we  have  accumu- 
lated  a  significant  amount  of  data  in  this  area  [29] 
and  as  mentioned  earlier  in  the  section  on  diagnostics 
we  have  recently  implemented  the  filter  fluorescer 
experiment  in  an  attempt  to  provide  accurate  déter- 
mination of  the  suprathermal  X-ray  spectrum.  This 
has  been  a  very  useful  instrument  but  unfortunately, 
it  has  not  led  to  more  repeatable  data  on  the  supra- 
thermal X-ray  spectrum.  In  fact  with  the  better 
définition  we  have  observed  even  more  scatter  in 
the  data.  One  might  imagine  that  there  is  some  unstable 
process  occurring  or  that  there  may  be  a  possibility 
that  the  distribution  of  high  energy  X-rays  is  not 
isotropic  in  space.  In  fact,  Yablonovich  has  shown 
in  an  experiment  with  a  CO2  laser  that  the  électrons 
produced  by  résonance  absorption  are  significantly 
directional.  Thus  one  might  expect  that  if  thèse 
électrons  are  not  scattered  sufficiently  in  high  Z  target 
that  they  will  produce  a  nonisotropic  distribution 
of  high  energy  X-rays.  To  examine  this  question, 
we  fielded  a  number  of  Nal  photodiode  detectors 
filtered  with  Be  and  Cu  [31].  The  response  function 
of  thèse  detectors  to  X-rays  is  effectively  that  of  a 
calorimeter  above  35  keV. 

Thèse  detectors  were  utilized  on  Shiva.  They  were 
arrayed  primarily  to  view  the  polar  variation  since 
this  was  the  suspected  direction  of  largest  variation. 
However,  we  also  arrayed  several  detectors  at  a 
constant  polar  angle  in  various  azimuthal  positions. 
The  data  from  three  target  shots  on  Shiva  are  shown 


in  figure  12.  The  first  two  experiments  were  gold 
disks  irradiated  with  the  lower  ten  beams  of  Shiva. 
Ninety  degrees  in  the  figure  represents  the  plane 
of  the  target.  Zéro"  is  the  axis  of  the  upper  ten  beams 
and  180"  is  the  axis  of  the  lower  ten  beams.  The  third 
experiment  was  a  glass  microshell  target  irradiated 
with  ail  twenty  beams  and  it  produced  nearly  the 
same  distribution  of  high  energy  X-rays  in  space. 
As  shown  in  the  lower  part  of  the  figure  the  azimuthal 
distribution  of  the  X-rays  at  the  upper  peak  of  the 
polar  distribution  shows  no  variation  for  the  three 
points  obtained.  One  should  also  note  that  the 
Shiva  beams  on  the  gold  disk  or  glass  shell  target 
approximate  a  radial  distribution  of  polarization. 
Thus  one  would  expect  that  whatever  distribution 
was  obtained  would  be  axially  symmetric  as  is  the 
case  shown  by  the  data.  The  highly  directional 
nature  of  the  high  energy  X-rays  on  thèse  experiments 
is  very  suggestive  of  a  directional  distribution  of  high 
energy  électrons.  Résonance  absorption  would  tend 
to  produce  an  oscillation  of  the  high  energy  électrons 
into  the  surface  of  the  disk.  However,  the  angle  of  the 
lobes  appears  to  suggest  that  the  électrons  are  osciUat- 
ing  along  the  surface  of  the  disk.  This  conclusion 
seems  to  be  more  reasonable  because  the  energy 
associated  with  the  angle  of  the  lobes  with  respect  to 
the  horizontal,  if  the  électrons  are  oscillating  parallel 
to  the  surface  of  the  disk,  would  correspond  to 
approximately  200  keV  électrons  whereas  if  the  elec- 
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trons  were  oscillating  perpendicular  to  the  surface 
of  the  disk,  the  angle  of  the  lobes  would  correspond 
to  5  keV  électrons.  This  data  certainly  suggests 
additional  experiments  to  détermine  more  completely 
the  nature  of  the  électron  spatial  distribution. 

We  have  also  done  a  séries  of  experiments  to 
examine  the  X-ray  émission  from  various  Z  disk 
materials.  The  primary  purpose  of  this  particular 
séries  was  to  examine  the  viability  of  various  materials 
as  X-ray  backlighting  sources  for  the  diagnostic 
technique  discussed  earlier  in  §  3.  However,  in  addi- 
tion, using  the  Dante  spectrometers,  we  obtained 
information  about  the  overall  émission  of  X-rays 
from  thèse  various  Z  disk  materials  [32].  As  expected 
the  fraction  of  X-rays  emitted  compared  to  the  laser 
energy  increased  uniformly  with  increasing  Z  although 
appearing  to  saturate  in  the  région  of  Au  and  U. 
Since  the  experiments  were  ail  done  at  one  intensity, 
this  is  quite  reasonable  as  one  would  expect  that  the 
effective  Z  of  the  plasma  would  not  continue  to 
increase  unless  the  intensity  were  also  increased. 
However,  we  also  observed  in  one  experiment  where 
we  increased  the  laser  intensity  on  the  target  to 
3  X  10^5  W/cm^  from  5  x  10^*  W/cm^  that  there 
was  a  drastic  réduction  in  the  number  of  X-rays 
emitted  by  the  target.  This  is  a  very  interesting  resuit 
and  we  examined  the  effect  further  by  looking  at 
the  Dante  signal  from  the  520  eV  channel  of  the  Dante 
spectrometer.  This  particular  channel  had  the  Thomp- 
son CSF  TSN  660  oscilloscope  connected  to  the 
detector  which  gave  it  an  overall  response  time  of 
190  ps.  Since  the  laser  puise  was  one  nanosecond 
FWHM,  we  obtained  significant  information  about 
the  variation  of  the  X-ray  émission  as  a  function  of 
time. 

Shown  in  figure  1 3  are  the  signais  from  this  detector 
for  Be,  Ti,  Sn,  Au,  and  U.  The  interesting  thing 
to  note  is  the  apparent  broadening  of  the  FWHM  as 
we  decrease  the  Z  of  the  material.  However,  as  we 
examine  the  various  signais,  we  see  that  it  is  really 
more  a  distortion  of  the  shape  of  the  signal  rather 
than  an  increase  in  the  FWHM  of  a  Gaussian  puise. 
The  U  signal  appears  to  be  quite  Gaussian.  However, 
the  Au  signal  appears  to  have  a  small  distortion  near 
the  peak  of  the  puise.  The  distortion  is  much  more 
apparent  with  Sn  and  completely  obvious  with  the  Ti 
where  it  appears  that  the  X-ray  émission  was  rising 
normally  and  then  was  somehow  clamped  and  not 
allowed  to  increase.  Then  the  Be  signal  takes  on 
more  meaning,  indicating  that  the  clamping  of  the 
X-ray  émission  occurred  very  early  in  the  puise. 
Now  with  Be  one  would  expect  that  the  plasma  is 
completely  stripped  and  therefore  the  X-ray  émission 
is  solely  from  bremsstrahlung  and  therefore  we 
would  not  expect  to  see  the  efîect  of  stripping  of  the 
électrons  during  the  puise.  One  can  interpret  this 
data  as  some  kind  of  mechanism  which  is  inhibiting 
the  émission  of  X-rays  by  the  target  as  the  intensity 
increases. 
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Fig.  13.  —  Z  dependence  of  the  time-resolved  sub-keV  X-ray 
émission  from  laser-produced  plasmas. 

The  one  experiment  that  was  done  with  gold  at  the 
higher  intensity  is  shown  in  figure  14  along  with  the 
data  for  the  lower  intensity.  The  appearance  of  an 
apparent  inhibition  mechanism  is  quite  striking  in 
this  case.  As  the  puise  comes  up  for  the  higher  inten- 
sity, the  X-ray  émission  is  quickly  clamped  and  we 
clearly  see  the  eflfect  of  fewer  X-rays  being  emitted 
at  the  higher  intensity  for  this  target.  It  should  be 
remembered  that  in  this  case  the  intensity  was  changed 
simply  by  changing  the  size  of  the  focal  spot.  One 
interprétation  of  thèse  results  could  be  to  détermine 
an  intensity  threshold  for  thermal  conduction  inhi- 
bition which  has  been  observed  in  other  experi- 
ments [26,  28].  At  this  point  again  many  more  experi- 
ments are  suggested  and  this  efîect  will  be  further 
investigated  in  the  future. 

In  our  program  of  examining  the  laser  plasma 
interaction  processes  we  continue  to  uncover  new 
phenomena  or  if  not  new  phenomena  at  least  new 


Laser  puise  fiducial 


Fig.  14.  —  Time-resolved  sub-keV  X-ray  émission  for  Au-disks 
at  différent  laser  miensities  (XRD  :  940  eV  Channel,  170ps  reso- 
lution). 
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signatures  of  thèse  phenomena.  We  have  only  brought 
up  a  few  of  the  important  salient  points  in  the  laser 
plasma  interaction  section.  Clearly  there  are  many 
more  that  are  being  investigated  and  will  be  investigal- 
ed  in  the  future. 

5  Implosion  experiments.  —  The  experiments  that 
were  performed  on  Shiva  as  it  was  being  brought 
into  activation  were  ail  of  the  exploding  pusher, 
low  density  nature.  Thèse  experiments  were  designed 
to  prove  the  quality  of  the  laser  opération.  Thus 
thèse  experiments  were  performed  with  single  beam 
illumination,  four  beam  illumination,  ten  beam  illu- 
mination from  one  side,  and  finally  with  ail  twenty 
beams  from  both  sides.  After  the  system  activation 
was  complète,  we  began  a  séries  of  experiments  with 
ail  twenty  beams  to  further  demonstrate  the  per- 
formance of  the  System  using  the  exploding  pusher, 
low  density  targets.  One  of  the  alignment  aids  that 
has  been  implemented  on  the  Shiva  system  is  a  System 
called  Litar.  This  is  a  code  which  allows  one  to  take 
the  designated  lens  coordinates  for  a  particular 
irradiation  pattern  and  display  the  calculated  absorp- 
tion pattern  on  a  color  télévision  screen.  This  code 
has  proved  extremely  useful  for  the  experimentalist 
and  the  target  designer  to  arrive  at  an  irradiation 
geometry.  The  polar  microscope  which  is  centered 
in  the  upper  cluster  of  ten  beams  of  the  Shiva  system 
provides  X-ray  spatial  distributions  which  can  be 
compared  with  the  Litar  prédictions.  This  code  and 
this  diagnostic  instrument  have  given  useful  infor- 
mation about  the  symmetry  and  the  azimuthal 
distribution  of  the  absorbed  energy  from  this  polar 
View.  A  four  channel  X-ray  microscope  also  views 
the  target  at  90°  to  the  center  line  of  the  beam  clusters. 

The  typical  color  enhanced  X-ray  micrograph  and 
the  2D  computer  calculation  of  the  X-ray  distribution 
using  the  two  dimensional  glow  code  are  shown 
in  figure  15.  The  experiment  and  the  calculation  show 
that  most  of  the  absorption  occurred  on  the  pôle 
caps  of  the  spherical  microshell  target  and  that  there 
was  significant  distortion  from  spherical  symmetry 
in  the  implosion  and  burn  of  the  fuel.  This  was  further 
demonstrated  by  data  taken  with  the  alpha  zone 
plate  caméra  which  images  the  distribution  of  the 
alpha  particles  from  the  burn.  This  data  along  with 


the  indicated  p  Ar  measurement  from  the  neutron 
activation  of  the  Si02  pusher  are  shown  in  figure  16. 
From  the  alpha  zone  plate  data  one  would  infer  an 
average  density  of  0.1  g/cm-'  or  approximately 
0.5  X  liquid  density.  The  radiochemistry  measure- 
ment of  the  Silicon  pusher  p  Ar  gave  a  value  of  approxi- 
mately 7  X  10'*  gm/cm^  Using  the  simple  theory 
of  exploding  pusher  targets  [33],  one  can  calculate 
the  target  performance  which  gives  the  fuel  density 
and  the  p  Ar  of  the  pusher.  This  calculation  has  been 
made  and  is  in  reasonable  agreement  with  the  alpha 
zone  plate  image  data. 
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(radchem)         ~~  — . 

Compressed  core 

-  0.1  g/cm^  

(a  zone  plate) 

m 

Fig.  15.  -  2.0  keV  X-ray  photomicrograph  (Shiva  88100604). 
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We  have  also  utilized  the  argon  line  imaging  tech- 
nique with  thèse  exploding  pusher  targets  since 
p  Ar  <  10"' gm/cm^  A  slitted  spectrograph  has 
been  used  to  provide  one  dimensional  spatial  imaging 
of  the  émission  from  the  fuel  and  corona  régions. 
Potassium  Unes  from  the  potassium  trace  élément 
in  the  glass  pusher  produce  images  which  extend 
out  into  the  corona  and  also  provide  an  image  of  the 
outer  région  of  the  stagnated  pusher.  The  argon 
inside  the  glass  microshell  provides  a  spatial  distri- 
bution of  the  hélium  like  and  the  hydrogen  like  alpha 
Unes.  Thèse  Unes  are  very  weU  resolved  spectrally 
and  produce  distributions  which  have  base  widths 
of  approximately  50  ^m  and  45  ^m  respectively. 
The  différence  in  the  spatial  extent  of  the  hélium 
like  and  hydrogen  like  Unes  implies  either  a  tempe- 
rature  gradient  across  the  fuel  pusher  interface  or 
more  likely  the  time  intégration  effect  due  to  the 
température  rising  as  the  stagnation  of  the  pusher 
and  the  fuel  occurs.  As  the  pusher  and  fuel  stagnate, 
the  température  rises  rapidly  and  one  would  expect 
that  the  hélium  likes  Unes  would  be  excited  before 
the  hydrogen  like  Unes  and  therefore  the  spatial 
extent  of  the  hélium  like  Unes  would  be  expected  to 
be  greater  than  that  of  the  hydrogen  like  Unes.  The 
point  to  be  made  here  is  that  any  time  integrated 
émission  from  the  fuel  région  requires  significant 
code  interprétation  to  détermine  the  density  and  is  not 
a  simple  straightforward  diagnostic  of  the  final  fuel 
density. 
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We  have  also  implemented  our  zone  plate  caméra 
in  the  coded  imaging  mode  to  image  the  high  energy 
X-rays  from  the  fuel  région.  Figure  17  shows  one 
of  our  gold  zone  plates  which  has  been  implemented 
with  a  stack  of  films  and  filters  to  produce  a  large 
dynamic  range  for  an  individual  energy  and  to  produce 
images  at  successively  higher  énergies  through  the 
film  stack. 


Fig.  17.  —  Multi-spectral  X-ray  imaging  of  compressed  high 
density  target  (technique). 


In  figure  18  we  summarize  the  density  and  neutron 
yield  achieved  for  three  classes  of  targets.  The  data 
in  the  lower  right  hand  corner  at  neutron  yields  of  the 
order  of  10^°  are  from  exploding  pusher  targets 
irradiated  with  Shiva.  The  density  in  this  case  is 
determined  utilizing  alpha  imaging  and  typically  we 
achieve  approximately  0.5-1.0  x  liquid  density  where 
thèse  targets  typically  started  from  densities  of  about 
0.01  X  liquid  density.  The  second  class  of  targets 
typically  achieved  from  4-10  x  liquid  density.  As  can 
be  seen,  we  produced  lower  neutron  yield  for  thèse 
experiments  while  we  achieved  essentially  a  factor 
of  ten  higher  final  fuel  density.  The  last  séries  of 
experiments  achieved  densities  in  the  range  of  40  to 
150  x  liquid  density  and  again  we  were  required  to 


Fig.  18.  —  Fuel  density  at  burn  time  versus  neutron  yield. 


lower  the  température  of  the  final  fuel  in  order  to 
achieve  thèse  densities. 

In  the  coming  years  as  we  continue  to  push  to  higher 
and  higher  densities,  the  things  that  must  be  done 
are  to  operate  Shiva  at  its  full  energy  capability  for 
long  puises  and  to  be  able  to  fabricate  the  targets 
which  have  been  designed  to  achieve  thèse  higher 
densities.  The  success  of  the  program  in  achieving 
thèse  ablative  driven  implosions  over  the  last  year 
gives  us  a  high  degree  of  confidence  in  achieving  the 
fabrication  requirements,  the  laser  irradiation  require- 
ments  and  the  diagnostics  to  measure  the  achieved 
densities.  The  program  is  now  well  on  its  way  towards 
achieving  densities  of  interest  for  inertial  confinement 
fusion  reactors.  In  fact.  the  in  products  are  now  in  the 
range  of  several  times  10'"^.  We  have  already  demon- 
strated  with  low  density  implosion  targets  that  we 
can  achieve  the  températures  required  for  ignition. 
So  now  the  problem  remains  to  achieve  densities  in 
the  range  of  1  000  to  10  000  x  liquid  density  and  at 
the  same  time  drive  the  target  to  températures  appro- 
priate  to  ignition,  break  even  and  finally  net  energy 
gain. 

6.  Laser  fusion  reactor  requirements  and  characte- 
ristics.  —  Our  System's  Studies  Program  has  been 
conducting  studies  for  a  significant  period  of  time 
to  détermine  the  requirements  for  an  inertial  confine- 
ment fusion  reactor  driver.  This  of  course  also 
includes  studies  of  reactor  target  design  by  our  target 
design  group.  Presently,  it  appears  that  the  range  of 
énergies  which  may  be  required  to  produce  a  signi- 
ficant gain  target  to  drive  a  fusion  reactor  is  0.5- 
3.0  MJ.  The  power  requirements  range  from  100  to 
400  TW.  The  efficiency  of  the  required  driver  is 
determined  primarily  by  the  target  gain.  Optimistic 
estimâtes  of  target  gain  are  as  high  as  1  000  ;  more 
pessimistic  values  range  down  to  as  low  as  200. 
With  thèse  gains,  powers  and  énergies,  the  répétition 
rate  for  an  appropriate  fusion  reactor  appears  to  lie 
in  the  range  of  one  to  ten  Hertz.  The  requirement 
on  pointing  accuracy  is  tens  of  microradians  from 
the  final  laser  mirror  or  focusing  élément  to  the 
target. 

The  two  final  most  important  requirements  are 
the  ability  to  focus  over  large  distances  so  as  to  prevent 
damage  to  the  final  optical  élément  and  the  preheat 
characteristics  of  the  driver.  In  a  fusion  reactor  where 
a  typical  energy  release  may  be  in  the  order  of  the 
équivalent  of  hundreds  of  pounds  of  TNT,  it  is  clear 
that  the  final  élément  which  focuses  the  beam  must 
be  a  significant  distance  from  this  répétitive  reaction. 
The  two  most  likely  candidates  which  satisfy  this 
requirement  are  lasers  and  heavy  ion  beams  which 
both  can  be  focused  from  large  distances  to  the 
appropriate  target  diameter  of  approximately  5  mm. 
Finally,  the  sélection  of  the  driver  must  take  into 
account  the  requirements  on  minimizing  the  preheat 
caused  in  the  fuel  and  inner  pushers  by  high  energy 
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particles.  It  is  for  this  reason  that  CO2  lasers  look 
less  favorable  than  lasers  operating  in  the  3  000  Â  to 
1.0  nm  wavelength  régime. 

A  laser  system  which  looks  particularly  attractive 
from  the  point  of  view  of  efficiency,  architecture 
and  wavelength  from  the  plasma  physics  point  of 
view  is  the  KrF  laser  [34].  It  has  a  wavelength  of 
2  490  Â  with  a  radiative  life  time  of  6  ns.  The  6  ns 
of  course  identifies  it  as  a  nonstorage  médium  and 
therefore  we  must  find  a  way  of  efficiently  pumping 
the  médium  and  extracting  the  laser  energy  over 
times  of  the  order  of  a  microsecond  but  with  puise 
lengths  of  the  order  of  10  ns.  The  intrinsic  efficiency 
of  such  a  laser  is  24  %  and  projected  efficiencies  for 
a  real  system  are  as  high  as  10  %.  2  %  has  already 
been  demonstrated.  There  are  two  approaches  to 
extracting  the  laser  energy  in  a  short  time  from  a  long 
puise  excitation.  One  is  simply  the  reinvention  of  the 
puise  compression  method  which  involves  running 
short  puises  through  in  séquence  and  then  recombining 
them  with  mirrors  to  provide  a  single  short  puise. 
The  second  is  to  use  Raman  scattering  as  a  method 
of  compressing  the  puise  in  time. 

In  figure  19  we  show  schematically  the  test  bed 
System  which  is  being  fabricated  at  the  Livermore 
Laboratory  to  investigate  the  questions  of  the  physics 
of  the  KrF  laser,  the  optical  properties  and  the 
problems  of  stacking  and  puise  compression  by 
Raman  means  to  provide  the  necessary  short  puise. 
This  System  utilizes  the  double  discharge  configuration 
for  the  oscillator  and  amplifiers  up  to  an  energy  of 
several  joules  and  then  utilizes  the  électron  beam 
excitation  of  the  gain  médium  for  amplifiers  to  produce 


énergies  of  20  and  200  J  at  the  final  output.  The 
200  J  is  provided  in  a  long  puise  and  then  studies  will 
be  made  to  détermine  our  ability  to  compress  this 
puise'  by  means  of  stacking  and  by  Raman  com- 
pression. 

From  the  point  of  view  of  the  target  physics  and 
laser  physics,  the  KrF  laser  now  appears  to  be  one 
of  the  most  promising  concepts.  However,  the  short- 
ness  of  the  wavelength  is  worrisome  in  that  présent 
experiments  on  damage  thresholds  indicate  that 
materials  will  not  stand  more  than  1  J/cm^  as  compar- 
ed  to  damage  thresholds  of  4-10  J/cm^  for  wave- 
lengths  in  the  range  of  0.5-1.0  ^m.  In  any  case,  the 
program  is  building  a  test  bed  to  study  thèse  questions 
and  to  détermine  the  viability  of  KrF  or  other  rare 
gas  halide  lasers  as  fusion  reactor  drivers. 

Our  System  Study  Program  has  also  been  working 
diligently  on  reactor  configurations.  The  most  promis- 
ing which  we  have  come  up  with  is  the  so-called 
Hylife  chamber  [35].  The  basic  concept  here  is  to 
move  the  Li  blanket  from  outside  of  the  reactor 
vessel  and  place  it  inside  in  the  form  of  jets  surrounding 
the  implosion  explosion  région.  In  figure  20  we 
show  schematically  how  thèse  jets  would  be  arranged 
to  allow  the  beams  to  enter  the  interaction  régime 
and  still  provide  the  eff'ective  Li  thickness  to  absorb 
the  neutrons,  reduce  the  power  flux  of  neutrons  on 
the  first  wall  of  the  reactor,  and  radically  alter  their 
spectral  distribution  to  that  of  more  nearly  a  thermal 
distribution  of  neutrons.  In  table  1  we  list  the  characte- 
ristics  of  the  Hylife  chamber.  The  major  point  to 
note  is  that  we  have  reduced  the  first  wall  neutron 
fluence  from  approximately  6  MW/m^  to  0.3  MW/m^ 
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Fig.  20.  —  Hylife  chamber  cross  section. 


Table  1.  —  Hylife  chamber  characîeristics. 

Fusion  energy  yield  per  shot 

2  700  MJ 

Répétition  rate 

1  Hz 

Effective  lithium  thickness 

1  m 

Lithium  jet  diameter  at  midplane 

20  cm 

Lithium  jet  velocity  at  inlet 

4.4  m/s 

Lithium  pumping  power 

17  MW, 

Lithium  température  (ave.) 

500  oC 

Température  rise  in  lithium  per  shot 

11  oC 

Tritium  breeding  ratio 

1.7 

First  wall  radius 

5  m 

First  wall  neutron  fluence  with  lithium 

0.32  MW/m 

First  wall  neutron  fluence  without 

lithium 

5.76  MW/m 

for  a  réduction  in  flux  of  a  factor  of  twenty.  Further, 
the  spectrum  of  the  neutrons  is  significantly  softer 
thus  reducing  the  concern  for  first  wall  damage  due 
to  the  neutron  fluence.  Utilizing  this  concept,  we 
show  in  figure  21  a  reactor  concept.  The  salient 
features  of  this  System  are  that  the  laser  building, 
the  building  where  the  laser  puises  are  generated, 
is  separate  from  the  containment  building  where  there 
are  significant  requirements  on  the  containment  of 
radioactive  material  produced  in  the  reaction  chamber 
and  its  surroundings.  Thus  the  high  technology 


Fig.  21.  —  Hylife  fusion  reactor. 


optical  System  is  removed  a  significant  distance  and 
does  not  have  the  same  containment  requirements. 
The  laser  beams  enter  through  containment  release 
sections  into  the  laser  reactor  chamber  producing  the 
reaction.  Also,  the  electrical  generating  equipment, 
as  in  a  fission  reactor,  is  also  separated  from  the 
stringent  containment  requirement  building  which 
contains  the  radioactive  material.  This  Hylife  concept 
may  not  be  the  one  that  is  finally  implemented  as  an 
inertial  confinement  fusion  reactor  but  it  provides  a 
number  of  very  useful  features  and  characteristics 
against  which  we  can  judge  any  other  reactor  configu- 
ration proposai. 

7.  Summary.  —  Over  the  last  several  years  we 
have  made  significant  progress  in  the  understanding 
of  the  laser  plasma  interaction  through  the  use  of  new 
diagnostic  instrumentation  and  techniques.  We  have 
also  implemented  the  Shiva  system  and  operated  the 
world's  most  complex  laser  system  and  produced 
significant  target  data.  In  the  implosion  experiments 
wîth  the  Shiva  system,  we  have  achieved  densities 
greater  than  100  x  liquid  density  of  Dr.  The  signifi- 
cance  of  this  resuit  is  that  we  have  had  to  overcome  the 
questions  of  achieving  a  spherically  symmetric  implo- 
sion and  obviating  the  problem  of  Rayleigh-Taylor 
instability.  We  see  no  major  obstacle  in  the  future  to 
attaining  the  densities  appropriate  to  efficient  burn 
of  microfusion  pellets  for  application  to  fusion 
reactors.  Further,  we  have  identified  a  laser  system 
which  may  provide  the  architecture  required  for  a 
fusion  reactor  driver  and  we  have  an  agressive  ongoing 
program  to  investigate  this  option  for  a  fusion  reactor 
driver.  In  addition,  our  Systems  Studies  Program  has 
identified  a  reactor  configuration  which  solves  many 
of  the  important  problems  associated  with  laser  fusion 
reactors.  This  is  nol  to  say  that  the  question  of  the 
configuration  of  an  inertial  confinement  fusion  reactor 
has  been  settled  but  rather  that  there  is  a  very  attrac- 
tive possibility  and  one  which  can  be  used  to  judge 
other  possibilities  and  grade  them  with  respect  to 
their  performance  compared  to  the  Hylife  reaction 
chamber. 

Thus  we  hold  great  hope  for  the  possibihty  of 
inertial  confinement  fusion  as  an  eventual  energy 
source  to  provide  energy  for  the  world. 
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Kinetic  theory  of  spectral  line  broadening  in  a  nonequilibrium  plasma 


Yu.  L.  Klimontovich 

Moscow  State  University,  USSR 


1  Introduction.  —  The  theory  of  spectral  line  broa- 
dening has  been  developed  for  many  years.  On  can 
find  an  account  of  its  récent  achievement  in  a  number 
of  monographs  and  reviews  [1-7].  Up  till  now,  howe- 
ver,  most  attention  was  focused  on  the  problems  of  the 
radiation  of  idéal  and  equilibrium  plasmas.  Relatively 
few  papers  have  been  published,  where  nonideal 
and  nonequilibrium  broadening  eflfects  in  plasmas 
were  considered.  Among  them  there  are  papers  in 
which  the  influence  of  Debye  screening  [8,  9],  of 
turbulence  [10-13],  of  the  nonequilibrium  velocity 
distribution  of  charged  particles  [14]  are  investigated. 
The  complexity  of  such  problems  is  obvious. 

No  attempt  is  made  here  to  give  a  complète  survey 
on  the  récent  achievements  in  the  theory  of  spectral 
line  broadening  in  nonideal  and  nonequilibrium 
plasmas  ;  this  is  impossible  in  a  short  report. 

The  main  purpose  of  this  report  is  to  show  how  the 
theory  of  spectral  line  broadening  in  nonequilibrium 
plasmas  can  be  included  into  the  modem  kinetic 
theory  of  partly  ionized  plasmas. 

The  partly-ionized  plasma  is  an  example  for  a  many 
component  system  with  chemical  reactions.  Therefore 
the  kinetic  theory  of  this  system  is  very  complicated. 
We  have  no  possibility  here  to  discuss  ail  processes. 
We  shall  restrict  ourselves  to  ones  which  can  be 
described  by  taking  into  account  the  long  range 
interactions  between  the  particles  and  the  interaction 
with  the  electromagnetic  field. 

For  this  reason  we  shall  first  consider  kmetic 
équations  the  corresponding  cross  sections  of  which 
are  calculated  in  the  polarisation  approximation. 
This  means  that  the  cross  sections  are  determined 
in  the  Born  approximation,  but  with  the  dynamical 
polarization  taken  into  account.  At  the  end  of  the 
report  we  shall  briefly  discuss  the  possibility  of 
simultaneous  inclusion  of  both  the  strong  interac 
tions  at  small  distances  (to  leave  the  Born  approxima- 
tion) and  long  range  collective  interactions. 

The  list  of  références  contains,  mainly,  books  and 
reviews,  while  original  articles  were  included  only 
where  they  were  more  or  less  used  in  the  preparing 
this  report. 

2.  The  basic  microscopic  équations.  —  2  .1  The 

FULLY  lONiSED  PLASMA.  —  In  the  statistical  theory  of 
a  fuily  lonised  plasma  it  is  possible  to  use  as  the 
starting  point  the  closed  system  of  équations  for  the 


microscopic  phase  densities  in  the  sixdimentional 
space  of  each  component  of  the  plasma 


(2.1) 

and  the  microscopic  electric  and  magnetic  fields 
£M  gM  jhese  équations  are  [15-17] 


ÔN^    ,  ..^^a 


+  ,^  +  e4E-(r,  0  +  ^[vB-(r,  0]  ^ 


rot  1 

rot  = 
div  B^  =  0 
div 


c  dt 
1  dB^ 
c    dt  ' 


(2.2) 


=  4  71  X  ^„  I  N,ir,  p,  0  dp  . 


For  given  expérimental  conditions  thèse  functions 
are  random  functions. 

In  the  case  of  the  Coulomb  plasma  the  system 
of  équations  for  the  random  functions  N„  is 
simpler,  namely 

rot  E^  =  0  ,    div  E^  =  4  7T  X  P,  0  dP  ■ 

2.2  The  monoatomic  gas.  —  In  the  statistical 
theory  of  a  monoatomic  gas  it  is  possible  to  use,  as  a 
starting  point,  the  exact  équations  for  the  microscopic 
phase  density 

N{x,t)=  S  ô(x-xM),  x  =  {r,p)  (2.4) 
and  microscopic  force  F'^(r,  t) 

^  +  ,^  +  F-(r,0^-0, 

et      er  ^2.5) 

FW(r,  t)=  -  grad,  j  0(|  r  -  r'  |)  Mr',  p',  /)  dp'  dr'  . 
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With  this  method  of  description  the  statistical 
theory  of  nonequilibrium  processes  in  plasmas  can  be 
reduced  to  determining  the  first,  second  and  higher 
moments  of  the  random  functions  A^^,  E^,  B^. 

It  is  possible  to  connect  thèse  moments  with  the 
distribution  functions  /i,/2,/3,  ...  Therefore  the 
B-B-G-K-Y  chain  if  équations  can  be  obtained  with 
the  help  of  eq.  (2.3). 

2.3  The  Basic  équations  for  a  parte y-ionised 
PLASMA  [15-17],  —  A  fully  ionised  plasma  and  a, 
monoatomic  gas  are  two  limitting  cases  of  the  partly- 
ionised  plasma. 

The  kinetic  theory  of  a  partly-ionised  plasma  is 
much  more  complicated.  This  is  due  to  the  need  to 
take  into  account  intramolecular  motions  and  ionisa- 
tion and  recombination  processes. 

In  the  simplest  case  the  partly-ionized  plasma 
consists  of  three  components  :  électrons,  singly- 
charged  ions,  and  atoms.  The  first  two  components 


will  be  designated  by  the  indeces  a  ~  e,b  =  i,  and  the 
third  by  the  double  index  ab  =  ei. 

The  charged  particles  of  components  a,  h  will 
be  called  free  and  those  of  the  component  ab  will  be 
called  bound.  The  System  as  a  whole  is  neutral,  so  that 
the  total  number  of  negatively  charged  particles 
(both  free  and  bound)  is  equal  the  total  number  of 
positively  charged  particles.  We  dénote  this  number 
by  N.  Here  (in  this  respect)  we  restrict  our  discussion 
to  the  case  of  a  Coulomb  plasma. 

We  can  use  now  as  the  starting  point  the  équation 
for  the  microscopic  phase  density  of  pairs  of  charged 
particles  in  the  twelvedimentional  space 

In  the  classical  theory  the  microscopic  density  A^^^ 
is  given  by  définition 


NMa,  x„  t)=    X  <5(x„ 

1 


(2.6) 


The  corresponding  quantum  function  is  the  operator  of  the  phase  density.  It  is  defined  by 

NM.,  x„  0  =  jp,,(r,  ±  1  Hy^,  r,  ±  '-ny„      e (^^^  dy.  dy,  .  (2.7) 

Here  p„(,  is  the  corresponding  operator  density  matrix. 

Instead  of  the  variables  r„,  r^,'it  will  be  more  convenient  to  use 

R  =  (m^  r„  +      rfc)/M  ,       r  =  r„  -     ,       M  =  m„  +      .  (2.8) 

The  équation  for  the  operator  density  matrix  p„j(R',  r',  R",  r",  t)  takes  the  form 

+  [{4>ab(\  r'  I)  +  Û,,(R',  r',  0)  -  (0„,(|  r"  |)  +  t/,,(R",  r",  /))]  Pat  ■  (2-9) 
The  operator  Û,i,  is  determined  by  the  operator  of  the  electric  potential    by  the  relation 

t/,,  =        (r  +  ^  r,  /  j  +  6. ,  <^  (^R  -  ^  r,      ,       (t>^^  =  e,eJ\T\.  (2.10) 
The  équation  for  the  electric  potential    can  be  represented  in  the  form 

A^(,.,)=  -4.  ([,,.(,- (r  +  ^» ^,,,r.r,,,,0^.  ,2.,,) 

The  eqs.  (2.9)-(2. 1 1)  are  the  basic  microscopic  (operator)  équations  for  a  partly-ionized  plasma.  It  is  possible 
to  obtam  with  the  help  of  this  System  the  eq.  (2 . 5)  (for  the  fully  ionized  Coulomb  plasma). 

In  order  to  separate  the  free  and  the  bound  states  and  to  describe  transitions  between  them,  we  shall  use  eigen- 
tunctions  of  the  energy  operator  of  an  individual  atom.  They  are  defined  by  the  équation 

-J~(^r  +  4>a,)  'f'.(r)  =  ,        -  "^pCR)  =       '^'p  •  (2-12) 

We  can  represent  now  the  density  operator  in  the  form 

p,,(R',  r',  R",  r",  t)  =  (^~^^   Z  jp,^(P',  P",  t)  ï'„(r')  f  *(r").  ï'p.(R')  f  *.(R")  dP'  dP"  .  (2.13) 
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From  (2.9)-(2. 13)  we  obtain  a  system  of  équations  for  the  operator  p,/,(P',  P",  0 

(P',  P",  0  =        +        -  E,  -         p,,(P',  P",  0  +  ^  Z  {  l0..iP'^      ')  Pd^^  P"'  - 
'  '  _  p^^,(p',  p,  /)  Û^„{P,  P",  0]  dP  ■  (2-14) 

The  matrix  élément  Û,p  is  defined  by  the  expression 

[7,,(P',  P",  0  =  J  ^îir)  f/„.(R,  r)  «Pp-CR)  'f',(r)  —  ■  (2-15) 

The  values  oc  ^  n,  P  =  m  correspond  to  the  discrète  spectrum,  while  a  =  p',  ^     p"  correspond  to  the  conti- 

"^""we^halTthus  reduced  the  eq.  (2 . 9)  to  a  system  of  équations  for  four  operator  density  matrices 

P„.(P',P",0;  Pp,p'(P',P"^0;  P.p<P',P"^0;  Pp',(P',  P",  0  •  (2-16) 

The  first  two  descnbe  the  bound  and  free  states  of  charged  particles  respectively,  and  the  last  two  descnbe 
transitions  between  the  free  and  bound  states. 

3  Kinetic  équations  for  the  distribution  functions  of  the  électrons,  ions  and  atoms.  -  We  présent  the  déri- 
vation of  the  kmetic  équations  m  two  stages.  In  the  first  we  obtam  kmetic  équations  for  the  distribution  functions 
of  pairs  of  charged  particles.  From  this  équation  we  obtain  afterwards  the  équations  for  the  distribution  func- 
tions of  the  électrons,  ions  and  atoms.  We  contîne  ourselves  here  to  the  case  a  spatially  homogeneous  plasma. 
Under  this  condition  we  have 

<  p.,(P',  P",  0  y  =  sj^  ^(P'  -  P")  /.(P''  0  ;     <ûy=o.  (3.1) 

Here/,(P',  Ois  the  distribution  functionofpairsof  free  (a  =  p')andbound(a  -  «)  charged  particles, 
^  J        '  '  (2  nhf 

After  averaging  the  system  (2 . 14)  we  obtam  under  the  condition  (3 . 1)  a  system  of  two  équations  for  the 
functions 

/,(P',  0      (a  =  p',  n) 

-(P',o=  -k  k<^p..(P^p^o^^,«(p^p^o>•^dP"./.(p^o.  (3.3) 

Here  /  (P'  0  are  the  corresponding  collision  intégrais.  They  are  determined  by  the  corrélation  of  the  fluctuations 
Sp.p,  SU^p.  It  is  possible  to  Write  the  collision  intégral  /,  in  the  polarization  approximation  m  the  torm 

;^(P',     =  l  [  doj  dK  dP"  I  P^piK)  \'  ^  <5(^K  -  (P'  -  P"))  ô{nœ  -  (£,  +  E^.  -  E,  -  E^.))  x 

X  [..E  .EU  (W.  0  -  ar. ,»  -  '  (/.(P-.  0  -  /.o".  '»]  ■  <^^^) 

The  matrix  éléments  P^p  are  determined  by  the  expression 

/>„m=  j[..exp(,^Kr)+..exp(-/^Kr)]ï'.(r)w|.  f^') 
£(oj,  K)  is  the  corresponding  dieleclric  constanl  of  the  partiy-ionized  plasma.  Il  is  determined  by  the  formula 
s(c»,  K)  =  I  +  I    dP  dP  6{m  -  (P  -  P  ))    ^^^^  ^       _       ^       _  £^  _  £^„) 
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The  sum  ^  in  the  expressions  (3.2)-(3.6)  has  the  meaning 

I-  =  I   ■■  +  ^(dp'-  (3.7) 

It  follows  from  (3 . 6),  (3 . 7)  that  the  polarizability  of  a  partly-ionized  plasma  consists  of  four  parts 

a(co,  K)  =  a^^  +  a^b  +  «b^  +  «bb .  (3.8) 

The  indices  /  and  b  dénote  the  free  and  bound  states. 

The  spectral  density  of  the  field  fluctuations  in  the, expression  (3.4)  is  given  by  the  formula 

m  <5E)„,K  =  ^  I  jdP'  dP"[/,(P',  /)  +  /,(P",  0]  X 

X  ^(^K  -  (F'  -  F"))  ôiho  -  {E,  +  £p.  -E,-  £,„))-f^f-^ .  (3.9) 

A    I  e(co,  K)  p 

The  spectral  density  of  the  field  fluctuations  (as  does  the  polarizability)  consists  of  the  four  terms 

(<5£5£)„,K-(    )ff  +  (    )f,  +  {        +  i  (3.10) 

Now  we  can  make  the  second  step  in  the  dérivation  of  the  kinetic  équations  for  the  distribution  functions  of 
the  électrons,  ions  and  atoms. 

The  free  charged  particles  remain  most  of  the  time  at  distances  such  that  for  them  the  eigenfunctions  of 
the  continuous  spectrum  can  be  replaced  by  plane  waves.  In  this  approximation  the  matrix  élément  |  Pp  p  '(K)  |^ 
of  the  free  particles  is  given  by 

I  P,„,,(K)  \'  =  <^  [rf  .  (p-  -  p-  -  ^  «Kj  +  et  .(p'  -  p"  +  ^  «k)]  .  (3.11) 


To  describe  the  motion  of  free  particles  it  is  more 
convenient  to  use  the  variables  p„,  p^.  Then  we  have 

/p(P,  t)  ->  /(?„,  Pm  0 . 

Note  that  the  function  Nf(p^,  p^,  t)  détermines  the 
mean  number  of  the  pairs  of  free  charged  particles 
with  momenta  p„  and  p^.  In  order  to  take  into  account 
the  possibility  of  the  formation  of  atoms  from  free 
particles  of  orbitrary  pairs,  we  make  the  foUowing 
substitutions  in  the  collision  intégral  term  (3 . 4),  which 
describe  the  transitions  from  the  free  states  to  the 
bound  states  and  vice  versa 

Nf{p„,  p„  t)  ^  Ay„(p„,  0  f,{p„  t).  (3.12) 

A  similar  substitution  is  made  in  expressions  (3.6) 
(3.9). 

Then,  taking  into  account  that 

=     L,(P.rPt^t)—^,dp,,  (3.13) 

J  (2  nny 

we  obtain  from  (3.3),  (3.4)  the  following  system  of 
the  kinetic  équations  for  the  distribution  functions  of 
électrons,  ions  and  atoms 


^(F,  0  =  /„(F,  /). 

The  distribution  functions  of  the  électrons,  ions  and 
atoms  are  normalized  in  the  following  way 

,-y^J./,(P„')dp.=^.C., 

jy.(P.')dP=^.C...  (3.15) 

Here  C„,  are  the  electronic,  ionic  and  atomic 
concentrations  respectively.  They  satisfy  the  condi- 
tions 

+       -  1  ,        =  Q.  (3.16) 
In  the  equilibrium  state  the  distribution  functions 
are  given  by  the  expressions 

NUV)  =  exp  ["•""f;''^''  ] .  (3.17) 
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3/2  1 


(3.18) 


Where  the  chemical  potentials  fi,„  /i^,      are  given  by 

[N,,,f2nri'Y'  1] 

and  the  concentrations  «„,  n^,  ««h  satisfy  the  ionization- 
equilibrium  condition  (the  Saha  formula) 


M       2  71/2  7 


(3.19) 


We  can  consider  now  the  structure  of  the  collision 
intégrais;  the  collision  intégrais  for  the  électrons 
and  ions  can  be  represented  as  the  sum  of  two  terms 


(3.20) 


The  first  term  is  given  by  the  expression 


{(Œ  m...  U.iv:.  ')  -  /M.  ')]  ^  '-j^;^  UM.  ')  +  fM.  ')]  j  .  (3.21) 


For  the  fully  ionized  plasma  (C„  =  =  1,  Qj,  =  0) 
this  term  coincides  with  Balescu-Lenard  collision 
.  intégral.  For  the  partly-ionized  plasma  the  coUision 
intégral  (3.21)  consists  of  four  parts  which  describe 
four  processes 

1.  Pa+  Plb^P'a  +  P'ib 

is  the  elastic  scattering  process. 

2.  p,  +  m,  P'i^p'a   +  P\a  +  P'xh 

is  the  (in  the  direction  from  left  to  right)  ionization 
of  an  atom  by  collision  with  an  électron  {a  =  e)  or 
ion  (a  =  /). 

3.  P'a  +  Pu  +  P'ih^Pa   +  «1  Pi 

is  the  process  inverse  to  «  2  ». 


4.  p'a  +       P'i  ^ Pa  +  P\ 

is  the  inelastic  scattering  process. 

In  ail  thèse  processes  the  number  of  the  particles 
with  momentum  p„  remain  unchanged.  Therefore  the 
collision  intégral  (3.20)  has  the  property 

^r-^  [Wp.Olidp^^O.  (3.22) 

(2  nny  j 

In  order  to  obtain  an  expression  for  the  second  term 
in  (3.20)  it  is  necessary  to  put  in  (3.4)  =  «,  /5  =  m 
to  make  the  substitution  p',  P'  p^,  p^  and  to  inte- 
grate  with  respect  to  p^.  As  a  resuit  we  obtain  the 
foUowing  expression 


(p;  +  p;-p"))5(.<„-(J|h-J|-£.-v)) 


23) 


After  substituting  the  functions  (^E  5E)„,k,  £('^,  K) 
this  intégral  breaks  up  in  turn  into  four  parts,  which 
describe  the  following  processes  : 

5.  Pu  +  P'b  +  P"\a^rnP"  +  P\a- 

6-  p'a  +  p'b  +  P'\         '^P"  +  P'\a  +  P'ib  ■ 

(3.24) 

7-  p'a  +  p'b  +  P'ia  +  P"\h  ^  t^P"  +  "\  P\  ■ 
8.  p'a  +  P'h  +  ^\  P"\  ^  fnP"  +  «I   P{  . 


Here  the  processes  «  5  »,  «  7  »,  «  8  »  are  recombination 
and  ionization  processes  which  change  the  number 
of  the  free  charged  particles.  The  process  «  6  »  is  the 
inelastic  scattering  process  accompanied  by  particle 
exchange.  In  ail  this  processes  the  number  of  particles 
with  momentum  changes.  Therefore  the  collision 
intégral  [/«(p^,  Ojz  has  the  property 

-z^,  [[/«(p:,0]2dp:^0.  (3.25) 

{inhy  J 
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The  collision  intégral  /„(/",  0  in  the  kinetic  équa- 
tion for  atoms  also  can  be  représentée!  in  the  form  of  a 
sum  of  two  terms 

/„(P',  0  -  [UP',  0]i  +  [4(P',  0]2  •  (3-26) 

In  the  case  of  a  zéro  degree  of  ionization,  there 
remains  in  the  collision  intégral  /„(?',  /)  only  one 
term,  describing  the  process 

nP'  +  m,P';^mP"  +  n,P[  .  (3.27) 
It  is  elastic  {n  =  n^  \m  ^  m^)  and  inelastic  scattering 
of  the  atoms. 

Each  term  in  (3 . 26)  describes  four  processes.  For 
the  first  term  we  have 


but  for  the  second  term 

The  properties  of  collision  intégrais  are  such  that 
they  ensure  conservation  of  the  total  (free  and  bound) 
number  of  charged  particles,  total  momentum  and 
energy. 

Let  us  consider  the  state  of  a  plasma  in  which  the 
non-equilibrium  character  is  due  only  to  the  fact  that 
.the  concentrations  «„,  n^„  n^^  do  not  satisfy  the  ioniza- 
tion equilibrium  condition  and  the  concentrations 
are  functions  only  of  the  time. 

Using  the  kinetic  équations  for  the  distribution 
functions  of  électrons,  ions,  atoms  (see  (3.14))  we 
obtain  équations  for  the  concentrations  n^, 


^  =  (o(«„      -  l^nl  n,)  +  (a,  «i  -  )8,     n,       +  (a^       -  /?2  n]  ni)  + 
at 

+  («3  ni  n^t,  -  h  ni  nj  +      =  n;       n,  =  n, .  (3.30) 


Here  a  is  the  impact-ionization  coefficient,  j8  is  the 
triple-recombination  coefficient,  etc.  The  coefficients 
a,  p  are  connected  by  the  gênerai  relation 

p  =  (InH^lnkTf^^  ZoL  .  (3.31) 

It  is  possible  using  the  developing  method  to  obtain 
the  kinetic  équations,  in  which  not  only  Coulomb 
interactions  are  taken  into  account,  but  also  a  trans- 
verse electromagnetic  field.  The  kinetic  équations 
have  the  form  (3. 14),  but  now  the  expressions  for  the 
collision  intégrais  4,  7^,  /„  have  the  additional  parts. 
For  example 

=  /(Coulomb,  +  jUr)  ^  +  _       (3  _  32) 

The  collision  intégral  /j""'  also  can  be  written  as  the 
sum  of  two  terms 

/r  =  [/r'].  +ur]2-  (3-33) 

This  collision  intégrais  take  into  account  not  only 
ail  the  usual  processes  of  photoionization,  photore- 
combination,  émission,  absorption,  etc.,  but  also  ail 
so-called  anomaleous  eflfects  (Cherencov  efîect,  the 
anomalous  Doppler  efîect,  etc.). 
The  spectral  density  of  the  field  fluctuations  : 

(^E  <5E),„K  =  (<5Eil  (5E'1)„K  +  (^E^  ^E^)„k  ■       (3  •  34) 

The  polarization  of  the  plasma  is  defined  by  the  two 
functions  e"(co,  K),  e^(co,  K). 

4.  Kinetic  theory  of  spectral  line  broadening  [15]. — 
For  the  calculation  of  spectral  line  broadening  it  is 
possible  to  use  the  équation  for  the  component  of 


polarization  vector  P„„(R,  t)  which  corresponds  to  the 
n  -  m  transition.  This  function  is  connected  with 
the  ofF-diagonal  density  matrix  /„„(R,  P,  t)  by  a 
relation  : 

P„.(R,0  =  «.{d.„/„.(R,P,0^dP. 

(4.1) 

Thus  the  task  is  reduced  to  the  investigation  of  the 
kinetic  équation  for  the  function  /„„(R,  P,  0-  The 
density  matrix  is  connected  with  operator  p„„  as 

/„„(R,  P,  0  -  <  P„m(R,  P,  0  >  ; 


The  operator  density  matrix  p„„,  obeys  the  équation 
analogous  to  (2.14).  With  help  of  this  équation  we 
can  obtain  foUowing  kinetic  équation 

X     Z  (d„„,  /„.„.  -  fnn,  E(R,  0  -  4n,(R,         0  • 

(4.3) 

It  is  obvious  now,  that  we  need  an  expression  for 
collision  intégral  /„„  to  solve  the  problem  of  spectral 
line  broadening. 

Now  we  présent  the  results  obtained  with  the  follow- 
ing  simplifying  approximations. 
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1.  Corrélations  of  fluctuations,  which  détermine  x  ^  (d„„,  <  dp^„  >  -  <  Ôp„„^  SE  >  d„„„) 
the  collision  intégrais  are  calculated,  neglecting  the  ">  (a  h'  ) 
action  ofthemeanelectromagneticfield.  ^  • 

2.  Ail  calculations  are  performed  in  the  polarization  represented  in  the  form  of  a  sum 
approximation. 

3.  The  dipole  approximation  is  used.  /„„(R,  P,  0  =  -'«'m'''"''"  +  7';;^'"""""""''.  (4.4) 
The  corresponding  collision  intégral  is  given  by  ^^^^^       présent,  as  an  example,  the  expression  for 

expression  the  induced  part  of  the  collision  intégral  which  is 


/_(R,  P,  0  =  ^ 


proportional  to  the  spectral  density  of  field  fluctua- 


tions 


The  line  width  and  frequency  shift  of  the  spectral  line  are  determined  from  the  foUowing  équation 
/„„,(co,  R,  P)  =  -  {ylZ^  +  i  Aœ^)  /„„(R,  P,  /)  ■ 
Using  (4.5),  (4.6)  we  obtain  the  following  expression  for  the  spectral  line  width 


(4.5) 


(4.6) 


^J,d..-d.jn^E  (4.7, 


The  spectral  density  of  field  fluctuations  is  determined  by  expression  (3.32). 

Neglecting  the  Doppler  effect  and  at  cd  -  œ„„  =  0  : 
yina,(0)  =  _i_     ^  I       |2  (SE  ^E)„„„,  +         I  d„^^  1^  (ÔE  5E)„„,^J  +  ^  (d„„  -  d„J^  (ÔE  ÔE)^.,  .  (4.8) 

We  see  that  the  y„„,  is  determined  by  two  diff-erent  contributions.  The  first  one  is  determined  by  the  spectral  density 
of  the  field  fluctuations  at  frequencies  close  to  the  transition  ones  of  free  atoms.  The  second  contribution  is  deter- 
mined by  the  spectral  density  at  low  frequencies  close  to  the  zéro. 

The  corresponding  expression  for  the  frequency  shift  Aoj„„  is  given  by 


Neglecting  the  Doppler  efi"ect  we  can  obtain  the  following  simplified  form 


(4.10) 


The  expression  for  the  quadratic  Stark  eff"ect  in  the 
field  with  spectral  density  (<5E  <5E)„  follows  from  (4 .10). 
For  the  monochromatic  field 


(4.12) 


{ÔE  (5E)„  =  \  I  F,„„  |2  2  n{ô(o)  -  ojq)  +  ô(ù)  +  o)^)) . 

^  ^-^  Let  us  consider  now  the  more  gênerai  expressions 

The  corresponding  expression  for  the  energy  shift  of  for  the  spectral  line  width  taking  into  account  both 

the  level  n  is  the  induced  and  spontaneous  fluctuations. 
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5.  Broadening  determined  by  the  induced  and  spon- 
taneous  processes.  Transition  probabilities  [15].  —  The 
intégral  /„  in  the  kinetic  équation  for  the  distribution 
function  of  atoms  /„  can  be  represent  in  the  form 
(see  (3.31),  (3.20)) 

/^(P,  ,)  =  /(ll)(p,  t)  +  /<^>(P,  0 

=  I  [  W'.^  /m(P,  0  -  ^nn,  /n(P.  0]  •  (5-1) 


Here  the  foUoying  notations  for  the  transition  pro- 
babilities are  used 

^nm  =  +   W^nm    •  (5-2) 

Where  the  two  contributions  dénote  the  transition 
probabilities  determined  by  fluctuations  of  Cou- 
lomb («  ^  »)  and  transverse  («  1  »)  field  respecti- 
ve ly  : 


1    r   dK  ,r      „      „  4  7r^  Im£l'(aj„„,  K)1 


Here  the  conditions  d„„  =  0,  d„„  =  0  are  used. 
Dissipative  matrix  y„„  which  détermines  the  spectral 
line  broadening,  is  expressed  in  this  approximation 
as 

y„m  =  ^  Z  +  W^J  =  yl  +       .  (5.5) 

We  see  that  the  transition  probabilities  are  deter- 
mined by  the  functions  (ÔE  ôE)^  ^,  e(co,  K),  which 
have  the  structure  (3.8),  (3.10).  Therefore  both 
yl„  and  yi„  can  be  represented  as  a  sum  of  the  four 
terms. 

For  the  radiation  région 


r  2  nœL    I  1 

X- 1  m'  ^E^)„_  +  /Re  e(co„J    .  (5.6) 

In  the  equilibrium  state  the  right  hand  side  of  this 
expression  can  be  rewritten  using  Einstein  coeffi- 
cients 

=  +  A;^.  (5.7) 

It  follows  from  (5 . 5),  (5 . 7)  that  the  term  determined 
by  the  spontaneous  processes  leads  to  the  following 
expression  for  the  line  width  : 

^n-n=  ^"'   +  ^"]-  (5.8) 

For  the  partly-ionized  plasma  the  most  gênerai 
transition  probabilities  are  determined  by  the  colli- 
sion intégrais  4(P,  0  (see  eq.  (3.4)).  Four  dissipative 
matrix  y„„,  y„^..,  y^.^,  y^._^..  can  be  expressed  via  thèse 
transition  probabilities. 


The  expressions  for  the  broadening  and  shift  of 
the  spectral  line  presented  above  are  also  valid  in 
nonequilibrium  states.  In  this  case  the  functions 
7„„,  Aco„„  are  determined  by  the  distribution  func- 
tions of  électrons,  ions  and  atoms  which  obey  the 
kinetic  eq.  (3.14). 

Therefore  it  is  possible  to  détermine  the  spectral 
line  broadening  for  the  nonequilibrium  processes 
provided  the  solution  of  the  kinetic  équations  are 
known.  It  seems  natural  that  such  a  solution  can  be 
obtained  practically  only  using  the  simplified  (model) 
collision  intégrais. 

For  the  radiation  région  the  problem  is  reduced 
to  the  calculation  of  nonequilibrium  spectral  density 
of  field  fluctuations.  This  problem  is  related  with 
the  problem  of  spectral  line  broadening  in  turbulent 
plasma. 

Let  us  consider  now  the  particular  applications  of 
the  gênerai  formulae. 

6.  Broadening  by  électrons  [3-7,  15].  —  We  shall 
détermine  the  atomic  spectral  line  broadening  with 
the  following  assumptions  : 

1.  The  concentration  of  atoms  is  small. 

2.  There  is  local  equilibrium  of  électrons  in  the 
velocity  space. 

3.  The  dynamical  polarisation  is  taken  into  account 
by  using  the  eff'ective  potential. 

This  is  équivalent  to  the  substitution 

Let  us  dévide  the  expression  for  y„„  in  two  parts 
according  to  the  structure  of  the  gênerai  expres- 
sion (4.7).  The  first  part  is  determined  by  the  high- 
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frequency  {w  «  co„J  field  fluctuations.  After  some 
calculations  one  obtains 


_  8  y2  TT I 


(6.2) 


Hère  r^i„  is  defined  as 
three  values  : 


\  maximum  of  the  foUowing 


This  resuit  diflfers  from  the  well  known  one  obtained 
by  Vlasov  and  Fursov  [18,  2]  only  by  the  numencal 
coefficient  (^ti  mstead  of  7r/3).  In  (7.2)  only  the  long- 
range  (r  >  pw)  interactions  are  taken  into  acount. 
The  inclusion  of  short-range  interactions  (r  <  p,y) 
leads  to  the  foUowing  resuit  [14]  : 


(6.3) 


(6.4) 


''min  =  max(-        ,  h.  PwA  ■ 
r^ax  is  defined  as  a  minimum  of  two  values 

For  the  second  contribution  to  which  is  determined 
by  the  low  frequency  field  fluctuations  one  obtains 
the  foUowing  expression  : 

_4vjj(d„„-d.J-£^^^^r^.  ^^3^ 

Where  r^i„  is  determined  by  (6.3)  and  r^^,  is  defined 
by 

r...  =  mm(r,,r,  =  ,]  ,  (6.6) 

is  Lewis  parameter. 

Similar  calculations  have  been  also  performed  for 
the  nonequilibrium  distribution  functions  (see  for 
ex.  [14]). 

7.  Résonance  spectral  line  broadening  by  collision 
between  atoms.  —  Let  us  consider  another  limiting 
case  when  the  broadening  is  determined  by  atomic 
coUisions. 

The  main  contribution  to  the  expression  (4.7)  can 
be  obtained  assuming  that  d„„  =  0,  d„„  =  0  and 
considering  only  n  -  m  transitions.  Then  the  expres- 
sion for  y„„  can  be  written  as 


(7.3) 


The  résonance  spectral  line  broadening,  caused 
by  the  résonance  interaction  of  atoms,  considered 
above  is  an  inelastic  process.  We  see  that  in  this 
case  the  broadening  is  growing  proportional  to  the 
gas  pressure. 

8.  Spectral  line  broadening  by  elastic  collisions  [19, 
4^  15].  _  When  the  elastic  collisions  are  taken  into 
account  the  backward  process  is  possible  :  the  pres- 
sure growth  causes  narrowing  of  the  spectral  Unes. 

The  significance  of  collisions  in  the  elastic  pro- 
cesses dépends  upon  the  relation  of  Doppler 
width  KVj,  the  frequency  of  elastic  collisions  v  and 
the  line  width  y„,„. 

It  was  assumed  above  that  the  velocity  distribution 
function  of  atoms  is  fixed.  This  is  justified  if  two 
inequalities  are  satisfied  : 


(8.1) 


It  foUow  from  (8.1)  that  the  pressure  dependence 
of  y„m  is  not  the  only  reason  of  the  change  of  the 
spectral  line  profile.  The  change  of  the  velocity  of 
the  atoms  due  to  the  elastic  collisions  is  also  signi- 
ficant. 

Practically  the  relatively  simple  model  of  coUision 
intégrais  are  used  when  one  wants  to  take  into  account 
the  elastic  collisions. 

For  example  in  the  model  of  strong  coUisions  [19,  4] 
the  collision  intégral  has  the  form 


1 

Let  us  single  out  the  contribution  to  (3.9)  which 
corresponds    to    the   discrète   spectrum    (a  = 

=  m,)  and  put  £(a»,  K)  =  1  because  the  polariza- 
tion  eff"ects  are  negligible  in  this  approximation. 
Finally  let  us  single  out  the  contribution  of  the 
résonance  levels.  In  order  to  do  this  it  is  necessary 
to  put  «  =  «1,  w  =  '"i  i"  the  expression  for  the 
spectral  density  of  field  fluctuations. 

After  this  we  obtain  the  foUowing  expression  for 
the  line  width  (see  [14])  : 


/„(P,0  =  v/(P)J/„(P,0^dP'-v/„(P,0. 
ld„J^(<5E5E)„„„.         (7.1)  J  (8.2) 

Here  v  is  the  eff"ective  frequency  of  collisions,  /(F)  is 
the  Maxwell  distribution  function. 

Summarising  the  results  of  [19,  4]  it  is  possible  to 
conclude  that  the  elastic  coUisions  cause  the  narrowing 
of  the  Doppler  width  while  the  pressure  is  growing. 
This  is  reason  for  the  narrowing  of  the  spectral  lines. 
The  resuit  dépends  also  upon  the  function  y„M- 

The  calculations  [19,  4]  have  shown  that  the  quali- 
tative results  does  not  dépend  upon  the  particular 
model. 

•  9.  Prisoning  of  radiation.  —  The  prisoning  of  radia- 

tion is  significant,  for  example,  in  the  theory  of  gas 
lasers. 


f„„  is  oscillator  strength. 
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Let  US  assume  that  «  a  »  (upper  level)  and  «  b  » 
are  two  essentiel  levels  ;  assume  also  that  the  transi- 
tion from  the  upper  level  to  the  ground  state  «  o  » 
is  possible.  Then  the  effects  of  spontaneous  émis- 
sion (at  a-o  transition)  and  the  résonance  absorption 
(on  the  o-a  transition)  are  possible.  This  process  of 
résonance  absorption  prevents  the  radiation  from 
leaving  the  active  volume.  Thus  the  prisoning  of 
radiation  takes  place. 

The  efficiency  of  prisoning  dépends  upon  the 
concentration  of  atoms  in  the  ground  state.  The 


prisoning  is  complète  if  /q  <^  L,  where  Iq  is  the  mean 
free  path  of  a  photon  emitted  at  the  a-o  transition. 

The  theory  of  prisoning  of  radiation  was  first 
constructed  on  the  phenomenological  level  [20,21]. 
Recently  the  microscopic  theory  have  been  also 
developed  [22-27,  15]. 

The  collision  intégral  /„"^(P,  0>  which  is  determined 
by  the  transverse  field  fluctuations  describes  naturally 
the  prisonning  eflfect.  The  expression  for  this  collision 
intégral  is  given  by  the  following  form  similar  to 
(3.21)  : 


|2  ô{w  -  KV  -  co„„)  : 


.m  -  (P  -  p',)[(.r  .E^u,/„(P^  0  -/.(p,o)  -  ^JX^^y^^A 


Now  we  shall  make  the  following  simplifications  in 
order  to  describe  the  prisoning  of  radiation  with  the 
help  of  the  kinetic  équation  for  the  function  /„(P,  /)  : 

1.  The  équation  is  written  for  the  two  levels  a,  b. 

2.  The  Doppler  eflfect  and  recoil  are  taken  into 
account  only  for  the  a-o  and  b-o  transitions. 

3.  Only  the  spontaneous  émission  is  taken  into 
account  for  the  transitions  from  the  levels  a,  b  to 
ail  other  ones  except  the  ground  state. 

Let  dénote  the  corresponding  dissipative  cons- 
tants. Then 


!>m>  0 


Z  Al. 


(9.2) 


4.  We  assume  that  the  populations  of  the  levels  a 
and  b  are  much  less  than  that  of  the  ground  state  ;  i.e. 

faJ,<fo- 


/„^(P,  r)  -  -  y'J„  - 


5.  The  recoil  eff"ect  is  neglected  in  the  description 
of  the  spontaneous  émission  at  the  a-o  transition. 
The  Doppler  eflfect  can  be  also  neglected  here.  For 
the  région  of  radiation  we  obtain  the  following  dis- 
sipative contribution  : 


(9.3) 


Here  is  the  Einstein  coefficient  for  the  a-o  transi- 
tion. 

6.  The  recoil  eflfect  is  neglected  in  the  term  which 
describes  the  induced  émission  at  the  a-o  transition. 
However  the  Doppler  eflfect  is  important  here. 

After  this  simplifications  the  collision  intégral  in 
the  kinetic  équation  for  the  distribution  func- 
tion /,(?,  0  has  the  form 


éQm,,  Ko  V)/„(P) 


(9.4) 


Here  the  following  notation  is  used 

oV')/,(P',  OdP' 


K{K„  Ko  V)  = 


j^(KoV  -  Ko\ 


|<3(Ko  V  ■ 


-  KoV')/„(P",  OdP" 

(9.5) 

where  Kq  is  the  unit  vector,  ÛQ  is  the  élément  of  the 
spatial  vector  in  K-space. 

If  the  velocity  distribution  function  of  atoms  in 
the  ground  state  is  fixed,  one  obtains  the  linear 
intégral  équation  for  the  distribution  function /,(P,  /). 


Thus  the  prisoning  of  radiation  leads  to  the  redis- 
tribution of  atoms  in  momentum  space.  Finally  the 
Maxwell  distribution  is  established  (if  external  sources 
are  absent).  Substituting  in  (9.5)  the  Maxwell  dis- 
tributions 

■— ) 

IMkTj 

(9.6) 

(9.7) 


 f  rp)  =  ±^  


exp 
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It  follows  from  eq.  (9.4),  (9.7)  that  the  intégral  term 
equal  to  zéro  in  eq.  (9.4).  Thus  the  collision  intégral 
reduces  to 


(9.8) 


We  can  make  the  conclusion  that  fixing  of  equili- 
brium  momentum  distribution  for  ail  levels  corres- 
ponds to  the  condition  of  complète  prisoning. 

On  the  contrary,  neglecting  the  prisoning  one 
obtains  the  following  expression  for  the  collision 
intégral  : 

/^(p,  ,)=  -(y^  +  ^«)/„(P,  0-  -      Z  A:,UP,t). 

(9.9) 

The  influence  of  radiation  prisoning  on  the  processes 
in  lasers  was  investigated  in  [22-27]. 


10.  Influence  of  the  field  of  ions  on  the  spectral  line 
profile  [3-7,  15].  —  The  expressions  of  §§  4-6  which 
détermine  the  spectral  line  width  centaine  the  spectral 
densities  of  field  fluctuations  with  short  corrélation 
times  Tcor- 

This  corresponding  the  following  inequality 


(10.1) 


Here  n,m  are  parabolic  quantum  numbers,  WiE)  is 
the  field  strength  distribution  function  of  ions, 
y„„  is  the  width  of  spectral  line  defined  by  fast  fluctua- 
tions (see  §§  4-7)  and  the  inequality  (10.1). 

In  the  zéro  approximation  when  the  motion  of 
ions  are  not  taken  into  account  the  function  W{E) 
is  the  Holtsmark  distribution.  More  gênerai  results 
are  obtained  in  the  papers  of  Kogan  [28],  Beranger 
and  Mozer  [1,  6],  Ecker  and  Schumacher  [8]  ;  Kuri- 
lenkov  and  Filinov  [9]. 

In  the  past,  Stark  broadening  methods  had  most 
applications  in  equilibrium  plasmas.  This  methods 
may  apply  also  to  nonequilibrium  plasmas. 

The  influence  of  electric  fields  from  plasma  waves 
on  line  profiles  has  only  recently  become  the  subject 
of  expérimental  investigations. 

For  strong  wave  excitation  or  turbulence  the  col- 
lective contribution  may  dominate  and  the  shapes 
may  be  very  différent  from  line  profiles  calculated 
by  formula  (10.5)  (see  §  14). 

1 1 .  Influence  of  the  électron  field  on  the  intensity 
of  radiation  on  the  wings  of  spectral  lines  [7,  15]  — 

For  investigation  of  the  influence  'of  the  électrons 
on  the  intensity  of  radiation  on  the  wings  of  the 
spectral  lines,  in  inequality  (10.1)  the  parameter 


The  corrélation  times  of  ions  and  électrons  are 
différent  due  to  the  strong  diff"erence  in  their  masses. 
Introducing  the  notations  t^,,  for  thèse  corrélation 
times  one  obtains 


C 


(10.2) 


InmiOj)  =  2 


I.- 


xlV(E)dE.  (10.6) 


■  co„J 


<  - 


Here  p^^ .  are  the  corresponding  Weisskopf  radius. 
From  the  formula  (6.5)  follows  that 

-J  ^-L.  00.3) 

{ynm)e.i         "Pw^,,  ^e.i 

Then  the  inequalities  (10.1)  may  by  satisfied  simul- 
taneously  at  the  conditions 

The  inequalities  are  just  only  at  very  low  pressure. 
More  usual  situation  is 

npl^A,  <  1  ,    «p^,/l.  >  1  .  (10.5) 


Then  on  the  wings  of  the  spectral  lines  when 

Vr 

PWe 

the  fluctuations  of  électron  field  are  also  quasistatic. 

In  order  to  obtain  more  gênerai  formula  giving 
qualitative  description  of  the  intensity  of  the  radiation 
for  ail  frequencies  in  the  expression  (10.5) 

y„„-.y„„=  ,  (11.2) 


\(0  -W„„  I"' 


In  this  case  it  is  possible  to  use  quasi-static  approxi- 
mation for  the  ions.  Then  the  shape  of  spectral  line 
is  defined  by  the  formula 


We  see  that  in  the  case 

I  (o  -  co„^  I  <^  width 

In  opposite  case  when 


(11.3) 


\a)  -w„„\>  the  width    y„„  «  y^,„„^  (11.4) 

"Pw. 

and  the  intensity  of  the  radiation  is  described  by  the 
formula 

C3/2 


(11.5) 


Cl -m 


YU.  L,  KLIMONTOVICH 


This  is  the  double  of  the  intensity  of  radiation  defined 
by  the  ion  field. 

Then  at  the  condition  (11.1)  influence  of  électron 
field  and  the  ion  field  are  equal. 

More  détails  on  can  find  in  a  number  of  reviews  [1-7]. 

12.  Simultaneous  account  of  strong  (pair)  and  weak 
(collective)  interactions.  —  We  can  discuss  now  the 
possibility  of  simultaneous  inclusion  of  both  the 
strong  interactions  at  small  distances  (to  leave  the 
Born  approximation)  and  long  range  collective  inter-' 
actions. 

The  Boltzmann  collision  intégral  for  a  plasma 
contains  a  divergence  at  large  distances  and  the 
Balescu-Lenard  intégral  diverges  at  small  distances. 
In  many  papers  (see  §  56  in  [16])  différent  forms  of 
the  collision  intégral,  which  simultaneously  take 
into  account  binary  collision  processes  and  polariza- 
tion  processes,  have  been  proposed. 

The  simplest  form  proposed  is  a  combination  of 
three  intégrais  :  the  Boltzmann  /g  Landau  and 
Balescu-Lenard  Ig-i  intégrais 


la  =  l! 


-  la  + 


(12.1) 


In  this  expression  the  intégral  compensâtes  the 
divergence  of  the  Boltzmann  intégral  at  large  dis- 
tances and  the  divergence  of  the  intégral  at 
small  distances.  Such  a  généralisation,  although 


attractive  because  of  its  relative  simplicity,  is  not 
completely  satisfactory  since  this  approximation  leads 
to  incorrect  expressions  for  the  thermodynamic 
functions  for  the  nonideal  plasma  (see  §  56  in  [16]). 

We  shall  consider  here  another  model,  in  which 
the  dynamical  character  of  the  plasma  polarization 
is  taken  into  account  approximately. 

The  collision  intégral  for  the  fully  ionized  plasma 
can  be  written  in  the  form 

X  j"     (f>,,{K)  Im  3,,(K,  p,  p',  0  dK  dp' .  (12.2) 

If  we  substitute  the  solution  of  the  équation  for  the 
corrélation  function  g^^  in  the  polarization  approxi- 
mation we  obtain  the  Balescu-Lenard  expression. 

The  expression  in  the  integrand  in  this  case  is 
proportional  to  the  square  of  0at,(K).  One  of  the 
factors  (in  the  initial  expression  (12.2))  remains 
unchanged,  while  the  second  changes,  when  pola- 
rization is  taken  into  account  : 


0„,(K)^0„,(K)/|e(co,  K)  \ 


(12.3) 


We  can  take  the  averaged  eflFect  of  the  dynamical 
polarization  into  account  in  the  following  way.  In 
place  of  (12.3)  we  use  following  effective  potential  : 


,         (/)„,(K)       ,     f      /,(p,  0  e^e,  (c5E^E)k 


(12.4) 


We  use  here  the  expression  for  the  spectral  density  cides  with  the  Debye  potential.  In  same  approxima- 
of  the  field  fluctuations.  tion  the  corrélation  function  defined  by  expression 

In  the  State  of  the  local  equilibrium 


':r(K)  = 


,,.exp[-^e--].  (12.6) 


(12.5) 


Using  the  eflfective  potential  we  can  obtain  the 


following  System  of  équations  for  the  distribution 
We  see  that  in  this  case  the  effective  potential  coin-     functions  /„,  f^b  for  the  fully  ionized  plasma  [16] 


(12.7) 
(12.8) 


where      =  fj^,  +  g^b- 
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Corresponding  collision  intégral  has  not  the  diver- 
gences neither  at  small  distances  nor  at  large  dis- 
tances. 

The  discussed  method  of  effective  potential  is 
used  in  paper  [36]  for  the  account  of  the  spectral  line 
broadening  in  the  partly  ionized  plasma.  In  this 
paper  we  considered  also  the  results  of  Capes,  Vols- 
lamber  papers  [12]. 


13.  Narrowing  of  spectral  lines  by  cooling  of  the 
gas  under  electromagnetic  radiation.  Now  we  consi- 
dère shortly  the  some  results  of  the  kinetic  theory  of 
the  cooling  the  gas  by  the  electromagnetic  field  [31-35]. 

We  shall  use  again  the  kinetic  équation  for  the 
distribution  function  of  the  atoms /„(P,  0  with  the 
collision  intégral  (9.1).  Using  the  induced  part  of 
this  intégral  in  which  the  spectral  density  of  the  field 
fluctuation  is  : 


(^E  5E)„,K 


.  (2  nr 


■  coo)  «5(K  -  Ko)  +  ( 


•K], 


(13.1) 


we  can  obtain  the  foUowing  équation  for  the  température  of  the  gas 

dkT  ^  _V         r  ^p^^^  ^(^^  ^    y))  I  E  |2 

dt       (2  nh)'  J 

Here  we  use  the  notation  for  the  imaginary  part  of  the  polarizability  y(oj,  K,  V)  of  atoms  with  velocity  V 


(13.2) 


Im  y{a),  K,  V)  = 


3H 


I  d,J'  ôioj  -  co,, 


We  see  that  the  température  of  the  gas  becomes 
lower  if  co  -  co^^  <  0. 

If  the  width  of  the  résonance  is  not  zéro  then  in 
the  expression  (13.3) 


7C  ô{co  -  oj,,  -  KV)  - 


(œ  -  co,,  -  KV)^  +  yl. 


(13.4) 

(From  the  (13.3),  (13.4)  it  is  not  difficult  to  find  that 
kT^in  ~  ^Jab   at    I  w  -  co„J  ~      .  (13.5) 
The  corresponding  time  of  cooling 

(AO.in~^  7?^-  (13.6) 

The  situation  considered  here  is,  of  course,  the 
simplest.  For  some  other  détails  it  is  necessary  to 
take  into  account  in  the  real  situation. 


14.  Influence  of  turbulence  on  the  broadening  of 
spectral  lines.  —  The  investigation  of  the  influence 
/  of  the  turbulence  on  the  radiation  spectra  is  one 
of  the  problems  of  the  kinetic  theory  of  fluctuations 
in  nonequilibrium  plasmas  (see  [10-12]  and  the  réfé- 
rences quoted  therein). 

The  kinetic  fluctuations  are  thèse,  the  corrélation 
time  of  which  is  larger  or  of  the  same  order  as  the 
relaxation  times  of  the  kinetic  équations.  In  other 
words  the  kinetic  fluctuations  are  the  fluctuations  of 


the  distribution  functions  of  the  électrons,  ions  and 
atoms. 

In  strongly  nonequilibrium  Systems  the  collision 
intégrais  and  consequently  ail  kinetic  characteristics 
are  drastically  changed  on  account  of  the  kinetic 
fluctuations.  This  leads  also  to  an  essential  change  of 
the  shape  of  the  spectral  lines.  The  interest  in  this 
problem  is  governed  by  the  development  of  the 
expérimental  investigations  of  turbulent  plasmas. 

We  mention  here  only  some  of  the  récent  papers 
on  the  theory  of  the  line  broadening  in  turbulent 
plasma. 

In  paper  [12]  a  method  was  developed  for  the  inves- 
tigation this  problem,  which  is  similar  to  the  method 
of  the  kinetic  theory  of  fluctuations  [15-17]. 

In  papers  [10,  11]  the  investigation  of  the  most 
spécifie  problem  is  worked  out.  Especially  the  influence 
of  the  Langmuir  turbulence  on  the  Stark  component 
is  investigated.  In  [11]  the  corresponding  theory  is 
developed  without  application  of  the  perturbation 
theory;  in  this  way  the  région  of  applicability  of 
theory  is  enlarged,  and  one  may  hope  that  expéri- 
mental data  may  be  explaned. 


15.  Conclusion.  —  In  the  theory  of  the  broadening 
of  spectral  lines  there  is  yet  a  lot  of  unsolved  problems, 
which  are  connected  with  the  influence  of  collective 
processes  in  the  nonequilibrium  plasma. 

The  investigation  of  this  problems  is  an  actual  but 
very  difficult  task,  the  solution  of  which  needs  col- 
lective efforts  of  researchers  of  différent  countries. 
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Résumé.  -  Nous  avons  examiné  le  rendement  et  l'agrandissement  à  l'échelle  des  lasers  à  excimer  (excites  par 
de  faisceau  permet  d'obtenir  de  haute  énergie  spécifique  dans  de  grandes  structures  avec  des  courants  de  faisceau 
maintenue  par  faisceau  électronique  semble  le  plus  prometteur  pour  l'obtention  de  grandes  énergies.  Les  per- 
formances de  ce  type  de  laser  peuvent  être  prédites  grâce  à  un  modèle  englobant  l'analyse  de  la  cmet.que  des 
électrons  de  la  chimie  de  la  décharge  et  le  résonateur  optique.  Les  limitations  introduites  par  les  problèmes  de 
stabilité  de  décharge  sont  minimisées  grâce  à  l'emploi  d'un  faisceau  électronique  uniforme.  Cette  bonne  uniformité 
de  faisceau  permet  d'obtenir  de  haute  énergie  spécifique  dans  de  grandes  structures  avec  des  courants  de  faisceau 
électronique  modérés. 

Abstract  —  The  efficiency  and  scalability  of  excimer  lasers  pumped  by  electric  discharge  is  examined  using  the 
KrF  laser  as  a  generic  example.  E-beam  sustained  discharges  show  the  greatest  promise  for  scaling  to  high  energy. 
Analyses  of  électron  kinetics,  discharge  chemistry,  and  optical  resonator  are  incorporated  mto  a  model  for  pre- 
dictmg  the  performance  of  such  lasers.  Limitations  imposed  by  discharge  stability  are  mmimized  by  ensurmg 
uniform  e-beam  déposition.  With  good  uniformity,  high  spécifie  energy  can  be  achieved  in  large  devices  usmg 
low  beam  currents. 


1 .  Introduction.  —  Excimer  lasers  currently  pro- 
vide the  most  efficient  and  powerful  sources  of  cohé- 
rent radiation  in  the  ultraviolet  and  visible  régions. 
Thèse  lasers  have  opened  up  the  possibility  of  many 
important  applications  requiring  visible  and  shorter 
wavelength  lasers.  Although  significant  progress  has 
been  made  in  developing  thèse  lasers,  some  crucial 
problems  remain  to  be  solved  before  their  fuU  potential 
can  be  realized.  Efficient  power  transfer  from  the 
primary  source  of  excitation  to  the  laser  médium  is 
one  of  thèse  problems  and  constitutes  the  major 
part  of  the  discussion  presented  here. 

An  excimer  is  a  molécule  which  exists  only  in  an 
excited  electronic  state.  The  ground  state  is  either 
répulsive  or  weakly  bound  at  room  température. 
The  excited  state  is  coupled  to  the  ground  state 
through  a  radiative  transition  typically  in  the  visible 
or  ultraviolet  spectral  régions.  Lasers  based  on 
excimer  transitions  are  free  from  the  bottlenecking 
problem  common  to  infrared  and  ion  lasers,  since 
the  lower  laser  level  is  naturally  depopulated  in  a 
very  short  time.  Rare  gases  and  some  métal  vapors 
form  diatomic  excimers  in  various  configurations. 
Thèse  include  homonuclear  excimers,  such  as  Xef 
and  Hgî  and  heteronuclear  excimers  (or  exciplexes) 
such  as  TlXe*  and  CdHg*.  The  rare  gases  also  form 
excimers  in  association  with  oxygen  and  with  the 
halogens. 

(*)  Work  supportée!  in  part  by  the  Advanced  Research  Projects 
Agency  of  the  Department  of  Défense  and  monitored  by  the 
Office   of  Naval  Research. 


The  rare  gas  oxides  are  characterized  by  long, 
radiation  lifetimes  (~  10"  ^  s)  and  small  stimulated 
émission  cross  sections  (~  10"'^  cm^)  which  allow 
efficient  excitation  at  low  power  densities  ;  however, 
quenching  of  excited  states  and  background  absorp- 
tion make  the  rare  gas  oxide  lasers  very  inefficient. 
Most  other  excimers,  however,  have  relatively  short 
radiative  lifetimes  (~  10"^  s)  and  large  stimulated 
émission  cross  sections  (~  10^^  cm^).  As  a  resuit, 
they  require  excitation  at  very  high  power  densities 
in  order  to  overcome  fluorescence  and  quenching 
losses.  Early  researchers  employed  high  current 
density  électron  beams  and  fast  high  pressure  gas 
discharges  to  study  thèse  molécules. 

The  rare-gas  dimers  were  the  first  excimers  to 
demonstrate  laser  oscillations.  They  operate  in  the 
vacuum  ultraviolet  région  of  the  spectrum  from 
126  nm  to  176  nm.  Although  the  conversion  of 
electrical  energy  into  ions  and  excited  states  and  the 
subséquent  channeling'into  excimers  is  an  extremely 
efficient  process  in  the  rare  gases,  the  laser  efficiency 
of  thèse  devices  is  severely  limited  by  photoionization 
and  électron  deexcitation.  The  excited  dimer  of 
mercury,  which  was  the  first  excimer  to  be  observed 
in  émission,  has  never  been  made  to  lase,  apparently 
due  to  strong,  broadband  absorption  from  the  lowest 
lying  excited  state. 

The  most  efficient  excimer  lasers  to  date  have  been 
the  rare  gas  halides  which  operate  at  wavelengths 
from  175  nm  to  483  nm.  Their  success  is  due  in  large 
part  to  the  near  unity  branching  ratio  for  conversion 
of  rare  gas  ions  and  excited  states  into  the  excimer. 
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In  addition,  absorption  from  the  lowest  lying  excimer 
States  is  not  significant.  The  principal  limitation 
cornes  from  other  absorbers  présent  in  the  médium, 
such  as  diatomic  rare  gas  ions  which  limit  the  extrac- 
tion efficiency  to  about  fifty  percent.  Even  so,  the 
rare  gas  halides  have  so  far  demonstrated  the  highest 
efficiency  and  energy  extraction  per  unit  volume  of 
any  other  laser  in  the  visible  or  ultraviolet. 

A  typical  potential  energy  diagram  for  the  rare 
gas  halide  excimer  is  shown  in  figure  1.  Formation 
of  the  excimer  can  proceed  either  through  a  long> 
range  Coulomb  attraction  between  the  positive  rare 
gas  ion  and  the  négative  halogen  ion  or  along  a  curve 
Crossing  involving  charge  exchange  between  an  excited 
rare  gas  atom  and  the  neutral  halogen.  Thèse  forma- 
tion paths,  which  take  place  via  dissociative  reactions 
or  stabilized  three  body  collisions,  are  referred  to  as 
the  ion  and  metastable  channels,  respectively.  The 
initial  génération  of  rare  gas  ions  and  metastables 
has  traditionally  been  accomplished  with  high  energy 
électron  beams.  The  efficiency  for  this  process  in 
argon  is  about  75  %  based  on  energy  deposited  in 
the  gas.  This  number  excludes  energy  dissipated  in 
the  pulse-forming  network,  the  diode,  and  the  foil 
and  foil  supports,  as  well  as  energy  lost  by  électron 
transport  out  of  the  excited  région.  In  an  optimum 
laser  mixture  of  argon,  krypton  and  fluorine,  roughly 
80  %  of  the  argon  ions  and  metastables  form  krypton 
fluoride  (KrF)  excimers.  When  one  accounts  for  the 
thermal  energy  lost  in  the  formation  process,  only 
20  %  of  the  deposited  energy  eventually  résides 
in  KrF.  With  a  50  %  extraction  efficiency  limited  by 
absorption,  the  laser  efficiency  of  KrF  becomes 
typically  10  %. 

The  efficiency  of  KrF  and  other  rare  gas  halides 
can  be  improved  by  better  electrical  power  condi- 


R(Â) 

Fig.  1.—  Potential  energy  curvcs  for  KrF. 


tioning,  higher  quantum  efficiency,  and  reduced 
absorption.  Improvements  in  power  conditioning 
efficiency  may  be  achieved  through  better  circuit 
design  to  reduce  internai  losses,  optimized  coupling 
to  the  load,  and  recycling  unused  energy  for  subsé- 
quent puises.  Improved  quantum  efficiency  can  be 
achieved  either  by  altering  the  ratio  of  power  trans- 
ferred  to  metastables  as  compared  to  ions  or  through 
the  use  of  heavier  rare  gases  with  lower  excitation 
and  ionization  énergies.  In  high  pressure  rare  gases 
pumped  by  relativistic  électron  beams,  more  than 
three  times  as  many  ions  are  created  as  metastables. 
If  the  same  fraction  of  incident  energy  were  to  go 
exclusively  into  metastable  states,  the  quantum  effi- 
ciency would  be  improved  by  about  10  %.  In  the 
electric  discharge,  however,  more  metastables  are 
produced  than  ions,  since  excitation  takes  place  by 
accelerating  électrons  from  low  energy  instead  of 
decelerating  them  from  high  energy.  In  addition  to 
improving  the  quantum  efficiency,  the  reduced  pro- 
duction of  ions  should  resuit  in  less  absorption. 
Therefore,  discharge  pumping  of  high  pressure  exci- 
mers is  more  désirable  and  wiU  be  discussed  in  further 
détail.  Many  approaches  have  been  taken  in  applying 
electric  discharge  excitation  to  excimer  lasers.  They 
can  be  divided,  however,  into  two  basic  groups  : 
self-sustained  and  externally-sustained.  In  the  self- 
sustained  glow  discharge,  ionization  is  provided  by 
électron  avalanche  in  an  applied  field.  This  process 
is  difficult  to  control  once  initiated  and  requires 
extremely  uniform  conditions  to  prevent  coUapse 
into  an  arc.  Initial  uniformity  is  achieved  by  carefully 
shaping  the  électrodes  to  produce  a  constant  electric 
field  and  by  preionizing  the  gas  before  the  field  is 
applied.  If  this  were  not  done,  avalanching  would 
proceed  from  localized  irregularities  on  the  élec- 
trodes, sending  the  discharge  directly  into  the  arc 
phase.  In  the  externally-sustained  discharge,  ionization 
is  controlled  by  an  external  source  such  as  an  électron 
beam.  This  has  the  efîect  of  decoupling  the  discharge 
impédance  from  the  applied  voltage.  In  the  idéal 
case,  the  impédance  is  determined  only  by  the  gas 
density  and  the  électron  beam  current  density.  The 
electric  field  can  then  be  varied  to  optimize  excitation 
of  the  desired  species.  In  practice,  the  process  of 
two-step  ionization  can  transform  the  externally- 
sustained  discharge  into  a  self-sustained  one.  This 
can  be  prevented  only  by  uniform  e-beam  déposition 
and  tailoring  of  the  electric  field  or  e-beam  current 
density. 

In  the  self-sustained  discharge,  excitation  and  laser 
energy  extraction  must  be  accomplished  quickly 
before  the  discharge  impédance  falls  to  such  a  low 
value  that  the  laser  médium  can  no  longer  absorb 
power.  During  this  impédance  collapse,  the  electric 
field  falls  from  a  value  above  the  breakdown  field 
to  a  value  where  ail  the  power  dissipated  in  the 
discharge  goes  into  gas  heating.  Thus,  there  is  only 
a  short  period  of  time  when  the  desired  levels  are 
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efficiently  excited.  Strong  coupling  with  the  external 
circuit  at  such  a  low  load  impédance  requires  a  low 
driving  inductance  which  is  difficult  to  achieve  in 
large  devices.  An  externally-sustained  discharge, 
however.  should  have  constant  impédance  as  long 
as  the  external  source  is  held  constant.  Thèse  devices 
then  have  the  potential  for  long-pulse,  high-energy 
opération.  In  fact,  with  the  discharge  increasing  the 
deposited  energy  density,  the  volumetric  efficiency 
should  be  much  greater  than  with  e-beam  pumping 
alone.  A  KrF  laser  pumped  by  an  e-beam  sustained 
discharge  has  already  demonstrated  [1]  29  J/1  extracted 
energy  from  0.12  1  at  11  %  intrinsic  efficiency.  Per- 
formance in  larger  devices  has  been  much  worse  due 
to  discharge  instabilities  caused  by  nonuniform  e- 
beam  déposition.  Thèse  problems  are  discussed  below 
using  KrF  as  an  example. 

2.  Electron  kinetics  in  the  KrF  laser.  —  Since 
discharge  pumping  of  the  KrF  laser  has  been  demons- 
trated [1]  to  be  more  efficient  then  e-beam  pumping, 
it  is  désirable  to  load  as  much  energy  into  the  dis- 
charge as  possible.  An  analysis  of  the  limit  of  energy 
loading  and  the  laser  efficiency  requires  an  under- 
standing  of  the  électron  and  excited-state  kinetics 
in  the  discharge.  If  the  ratio  of  metastabk  density 
to  ground  state  neutral  density,  m/N,  is  10"^  or  less, 
then  electron-metastable  collisions  have  a  negligible 
eflfect  on  the  électron  energy  distribution  [2]  and  the 
électron  kinetics  can  be  decoupled  from  the  excited- 
state  chemistry  model.  This  allows  a  parameter 
study  to  be  made  of  électron  transport  and  excitation 
processes  in  the  KrF  laser  which  can  be  used  as  input 
to  a  complète  laser  model  including  optical  resonator 
and  external  circuit  [3]. 

The  foUowing  discussion  will  emphasize  the  impor- 
tance of  including  collisions  between  électrons  via 
a  screened  Coulomb  potential  in  the  Boltzmann 
analysis  of  the  heavy  rare  gases.  At  fractional  électron 
densities  typical  of  e-beam  sustained  KrF  laser 
discharges  (n/N  =  3x10-^-3x10-^)  thèse  col- 
lisions appreciably  alter  both  the  électron  mobility 
and  the  rate  constants  for  excitation  and  ionization. 
Because  of  the  sensitivity  of  the  high  energy  tail  of 
the  électron  energy  distribution  (Fig.  2),  the  eflfect 
of  electron-electron  collisions  is  most  significant  for 
those  processes  with  the  highest  threshold  énergies. 
The  reason  that  electron-electron  collisions  are  not 
important  in  modeling  the  CO  and  CO2  lasers  is 
that  the  pumping  occurs  at  much  lower  énergies  and 
typical  values  of  n/N  are  only  10"^  Thèse  collisions 
must  be  considered,  however,  in  analyzing  discharge 
stability  because  of  the  large  effect  on  ionization  rates. 

The  method  employed  in  this  study  to  solve  the 
Boltzmann  transport  équation  has  been  described 
previously  [4].  The  contribution  to  the  collision  term 
arising  from  Coulomb  collisions  between  électrons 
is  derived  by  Shkarofsky  et  al.  [5].  The  value  of  In  A 
is  taken  to  be  10,  where  A  is  the  ratio  of  Debye  length 
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Pig  2.  —  Electron  energy  distribution  in  Ar-Kr. 


to  the  impact  parameter  for  a  90°  deflection.  The 
momentum  transfer  cross  sections  used  are  those  of 
Milloy  et  al.  [6]  in  argon  and  Frost  and  Phelps  [7] 
in  krypton.  The  cross  sections  for  electronic  excita- 
tion were  measured  by  Schaper  and  Scheibner  [8] 
and  the  normalization  checked  by  Jacob  et  al.  [9]. 
The  data  of  Rapp  et  al.  [10]  were  used  for  ionization 
of  ground  state  atoms. 

It  is  assumed  that  the  eflfect  of  fluorine  on  the 
électron  energy  distribution  is  negligible  for  concen- 
trations below  a  few  tenths  of  one  percent.  The  cross 
sections  for  direct  vibrational  and  rotational  excita- 
tion are  expected  to  be  small  compared  to  disso- 
ciation [11].  A  résonant  process  leads  to  négative  ion 
production  via  dissociative  attachment.  The  cross 
section  for  attachment  of  électrons  to  F 2  has  recently 
been  measured  by  Chantry  [12].  Using  this  cross 
section,  the  eflfect  of  on  the  électron  energy  distri- 
bution was  found  to  be  small,  except  at  low  values  of 
E/ N  and  n/N.  Under  normal  operating  conditions  then, 
the  attachment  rate  is  proportional  to  the  fluorine 
concentration  and  can  be  found  from  the  measured 
cross  section  and  the  solutions  of  Boltzmann's 
équation  in  the  rare  gas  mixture. 

Because  of  the  importance  of  electron-electron 
collisions,  E/N  is  no  longer  the  sole  parameter  charac- 
terizing  the  électron  energy  distribution  in  a  given 
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gas  mixture.  The  fractional  ionization,  njN,  must  be 
specified  as  well.  If  the  fractional  metastable  density, 
mIN,  is  less  than  10" ^  it  is  not  an  important  para- 
meter.  Since  the  largest  fractional  metastable  density 
consistent  with  stable  discharge  opération  is  about 
3x  10"^,  the  efïects  of  superelastic  collisions  and 
metastable  ionization  on  the  électron  energy  distri- 
bution can  be  neglected.  In  a  stable  discharge,  there- 
fore,  we  can  completely  characterize  the  électron 
properties  in  a  given  gas  mixture  with  the  two  para- 
meters,  EjN  and  nIN. 

The  électron  drift  velocity  and  mean  energy  are 
plotted  in  figure  3  as  a  function  of  EjN  for  typical 
values  of  njN  in  a  95  %  Ar  5  %  Kr  mixture.  The 
curves  labeled  njN  =  0  apply  to  fractional  ionizations 
below  about  10"'.  The  drift  velocity  is  found  to  be 
more  than  a  factor  of  two  higher  at  typical  électron 
densities  than  it  is  at  low  électron  density  where 
electron-electron  colhsions  are  unimportant.  The 
calculated  drift  velocity  in  pure  argon  with  n/N  —  0 
agrées  within  5  %  with  the  expérimental  data  of 
Pack  et  al.  [13],  Robertson  [14]  and  Brambring  [15] 
over  the £/A^ range  from  10"'^  V  cm^  to  10"'^  V  cm^ 
The  power  loading  into  the  discharge  is  given  by 

As  a  resuit  of  the  njN  dependence  of  v^,  this  function 
will  increase  faster  than  linearly  with  nlN  at  cons- 
tant EIN. 

AU  the  energy  which  goes  into  the  discharge  is 
converted  through  varions  channels  into  heat,  elec- 
tronic  excitation,  or  ionization  of  the  gas.  The  domi- 
nant processes  include  heating  by  momentum  transfer 
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Fig.  3.  —  Electron  drift  velocity  and  mean  energy. 
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Fig.  4.  —  Discharge  power  partitioning. 

in  elastic  collisions  and  excitation  of  various  elec- 
tronic  states  in  argon  and  krypton.  The  cross  sections 
for  excitation  of  thèse  electronic  states  are  lumped 
together  for  each  gas  and  represent  an  effective 
cross  section  for  production  of  the  metastable.  The 
fractional  power  into  each  of  thèse  channels  is  plotted 
in  figure  4  as  a  function  of  EjN  for  typical  values 
of  nIN.  The  power  going  into  ionization  of  metas- 
tables  and  ground  state  atoms  is  negligible  in  the 
parameter  range  considered  here.  The  effect  of 
electron-electron  collisions  is  dramatic  in  moving  the 
range  of  efficient  production  of  metastables  to  lower 
values  of  EjN.  This  has  a  significant  impact  on  the 
predicted  operating  régime  of  the  KrF  laser. 

The  highest  spécifie  laser  energy  to  date  from  an 
e-beam  sustained  discharge  in  Ar-Kr-Fj  was  observed 
at  an  E/N  =  3  x  10"'''Vcm^  [1].  The  measured 
discharge  efficiency  was  20  %,  and  yet  without 
electron-electron  colhsions  the  theory  would  predict 
virtually  no  pumping  of  metastable  states  by  the 
discharge  at  this  E/N. 

The  quantum  efficiency  for  producing  KrF*  can 
be  derived  from  the  power  partitioning  curves  by 
defining 

//  =  ^  [/(Ar*)/11.8  eV  +  /(Kr*)/9.9  eV]  . 

The  numerator  in  each  term  is  the  fraction  of  discharge 
power  going  into  the  metastable  and  the  denominator 
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densities  give  rise  to  low  electric  field  strenglhs  and 
consequently  the  discharge  efficiency  is  nearly 
constant. 

In  summary,  a  parametric  study  of  the  électron 
kinetics  in  an  Ar-Kr-Fz  discharge  shows  that  EjN 
and  njN  are  the  critical  parameters,  while  mjN  and 
Fz/A^ can  be  neglected  when  they  are  smaller  than  1 0"  * 
and  10"^  respectively.  Electron-électron  collisions 
play  a  significant  rôle  in  increasing  électron  mobility 
and  in  raising  the  metastable  production  efficiency 
at  low  values  of  EjN.  Any  comprehensive  model  of 
the  rare  gas  halide  lasers  must  include  thèse  efîects. 

3.  KrF  kinetics.  —  The  kinetics  which  lead  to  the 
population  of  the  KrF*  state  in  an  Ar-Kr-F2  mixture 
have  been  investigated  by  various  laboratories.  The 
principal  channels  under  moderate  e-beam  pumping 
(<  50A/cm^)  proceed  through  the  argon  ion  and 
metastable  states.  At  high  current  densities,  the 
production  of  Ar""  and  Ar*  under  e-beam  excitation 
is  roughly  3.5  to  1  with  a  total  efficiency  of  75  %. 
The  remaining  25  %  of  the  incident  energy  is  lost 
via  radiation  and  elastic  heating.  At  current  densities 
less  than  50  A/cm^  the  principal  neutralization  process 
is  ion-ion  recombination,  i.e. 


2  4         6  8         10         12  14 

E/N  (10"^''  Vcm^) 

Fig.  5.  —  Quantum  efficiency  for  producing  KrF*. 

is  the  energy  of  the  metastable.  This  function  is  plotted 
in  figure  5.  At  low  EjN  the  efficiency  falls  ofi"  because 
of  elastic  heating  and  at  high  EjN  it  approaches  the 
quantum  efficiency  of  Ar*  at  42  %.  The  actual  pro- 
duction efficiency  will  be  slightly  less  than  this  because 
the  excitation  is  distributed  over  a  number  of  levels 
above  the  metastable.  This  correction  will  be  least 
important  at  low  EjN  where  the  électrons  excite 
preferentially  those  states  with  the  lowest  thresholds. 
Reactions  which  intercept  the  energy  transfer  from 
the  metastables  to  KrF*  will  also  reduce  the  produc- 
tion efficiency. 

The  maximum  extraction  efficiency  for  converting 
thèse  upper  laser  levels  to  laser  photons  is  given 
approximately  by  ,  where  t  is  output  coupling 

and  a  is  the  round  trip  cavity  absorption.  For  the 
device  in  référence  1  with  a  50  cm  cavity  containing 
4  torr  F2,  a  «  20  %.  With  t  =  20  %,  the  maximum 
extraction  efficiency  is  50  '%.  From  figure  5  the  dis- 
charge efficiency  at  £/yV  =  3  x  10"  "  V  cm^  and 
njN  =  3  X  10"Ms  36  %.  The  resulting  net  efficiency 
based  on  energy  deposited  in  the  discharge  is  there- 
fore  18%  in  good  agreement  with  experiment.  The 
efficiency  would  appear  to  be  a  strong  function  of 
EjN  and  njN.  However,  operating  conditions  in  an 
e-beam  sustained  discharge  are  such  that  high  électron 


Kr^  +  F    +  M  ^  KrF*  +  M 
KrJ  +  F-  *  KrF*  +  Kr  . 

Thèse  reactions  are  responsible  for  populating  the 
KrF*  and  ArF*  states.  Some  of  the  ArF*,  which  is 
formed  in  the  recombination  of  Ar"^  and  Arj,  is 
converted  to  KrF*  through  the  displacement  reaction, 

ArF*  +  Kr  ^  KrF*  +  Ar  . 

The  rest  is  lost  via  quenching  and  spontaneous  émis- 
sion. This  loss  amounts  to  about  10  %  of  the  Ar^ 
ions  originally  formed.  Since  it  takes  about  26  eV 
to  create  each  Ar"^  ion,  the  quantum  efficiency  for 
producing  KrF*  at  5  eV  from  Ar"^  is  19  %,  and  the 
net  efficiency  of  the  ion  channel  is  then  1 7  %.  This, 
however,  neglects  the  metastables  which  are  also 
formed  by  e-beam  excitation.  The  same  26  eV  which 
produced  one  ion  will  also  generate  about  0.3  metas- 
tables which  have  a  63  %  chance  of  forming  KrF*. 
This  raises  the  overall  efficiency  for  e-beam  pumping 
to  20  %.  The  neutral  channel  processes  will  be  dis- 
cussed  below. 

Under  discharge  pumping  of  KrF,  about  80  %  of 
the  input  power  goes  into  excited  rare  gas  states  Ar* 
and  Kr*.  The  remaining  20  %  is  lost  in  elastic  scat- 
tering  and  dissociative  attachment  to  Fj.  The  ratio 
of  Ar*  to  Kr*  produced  is  about  two  to  one  as  shown 
in  figure  4.  Very  few  ions  are  gênera ted  by  the  dis- 
charge. There  are  two  dominant  channels  for  con- 
vertmg  Ar*  to  KrF*  (Fig.  6)  ;  one  through  the  ArF* 
State  and  the  other  through  the  Kr*  state.  Typically, 
with  a  total  pressure  of  three  atmosphères  and 
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2167  Torr  Ar 
110  Torr  Kr 
4  Torr  F 


Pump 


3.1eV 


(KrF")  ~  1.2  ns     (3.0  atm  4  Torr 

2.8  ns     (1.5  atm  2  Torr  Fj) 

Fig.  6,  —  Neutral  channels. 

0.17  %F2,  about  60%  of  the  Ar*  react  with  F2  to 
form  ArF*,  which  has  a  55  %  chance  of  being 
converted  to  KrF*.  About  37  %  of  the  Ar*  undergo 
excitation  transfer  to  Kr*,  either  directly  or  via  Arf . 
The  remaining  3  %  end  up  as  Ar2F*.  The  Kr*, 
formed  either  through  this  channel  or  directly  by 
the  discharge,  have  a  60  %  chance  of  producing  KrF*. 
The  other  40  %  go  into  forming  the  rare  gas  dimers 
ArKr*  and  Kr|.  It  is  believed  that  when  thèse  excited 
States  react  with  Fj  about  half  of  them  produce  KrF* 
and  the  rest  form  the  ArKrF*  and  Kr2F*  states. 
The  resulting  discharge  efficiency  is  summarized 
below  : 


26%  54% 


80  63  % 

KrF* 


Quantum 

efficiency        51  42  " 

Net        10.6",,  14.3 


Thus  discharge  pumping  of  KrF*  is  slightly  more 
efficient  than  pure  e-beam  pumping  based  on  energy 
deposited.  However,  wall-plug  efficiency  for  the 
e-beam  device  will  be  much  less  due  to  a  50  %  loss  in 
the  cooled  foil  and  foil  support  structure  and  addi- 
tional  losses  due  to  scattering  in  the  gas.  The  e-beam 
also  produces  molecular  ions  which  absorb  at  the 
laser  frequency.  In  a  practical  device  it  is  therefore 
désirable  to  achieve  the  highest  possible  ratio  between 
discharge  and  e-beam  pumping  consistent  with  long 
puise  stability. 

The  production  rate  of  the  KrF*  state,  R^,,  can 
now  be  expressed  as  a  function  of  the  input  power. 
Thus, 

/îp /2v  =  0.25      +  0.20  P,,  (1) 

where  and  P^y,  are  the  discharge  and  e-beam  power 
absorbed  by  the  gas.  The  loss  of  KrF*  includes 
quenching  by  F2,  spontaneous  émission  and  a  three- 
body  reaction  leading  to  KrjF*.  Ail  of  thèse  processes 
will  be  lumped  into  a  single  decay  rate,  1/t.  If  the 
gain  profile  is  homogeneously  broadened,  then  the 
loss  of  KrF*  by  stimulated  émission  is  proportional 
to  the  laser  intensity,  /.  The  continuity  équation 
for  KrF*  is  then 

^  =       -  7V*/t  -  alNVhv  (2) 

where  a  is  the  cross  section  for  stimulated  émission. 
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The  steady  state  population  density  is  given  by 

A^*  =  /?,/(1/t  +  alM. 

In  terms  of  the  satura ted  gain,  g  =  aN*,  and  the 
small  signal  gain,  ljo  =  Rp  ox,  this  becomes 

cj  =  yo(l  +  Hh)  ■ 
The  laser  saturation  intensity,  hv/ar,  is  the  intensity 
at  which  stimulated  émission  equals  quenching. 

4.  Optical  resonator.  —  As  discussed  above,  for 
the  case  of  homogeneous  laser  transitions,  the  satu- 
rated  gain  coefficient  g  is  related  to  the  small  signal 
gain  coefficient  gohy  g  =  i/o/(l  +  ^+  +  ^-),  where 
and  are  the  laser  intensities  for  the  +  x  and 
-  X  directions  normalized  to  the  saturation  intensity. 
In  addition  to  gain,  the  KrF  laser  médium  contains 
several  species  which  absorb  at  the  laser  frequency. 
This  absorption  is  distributed  throughout  the  cavity 
and  may  also  show  saturation  effects.  The  species 
which  exhibit  gain  and  absorption  in  the  KrF  laser 
arc  listed  in  table  I  along  with  their  respective  satu- 
ration intensities  defined  as  =  hv/ax  where  a  is 
the  optical  cross  section  for  stimulated  émission  or 
absorption  and  t  is  the  mean  lifetime  of  the  particle. 


Table  I. 


T  (ns) 

/,  (MW/cm') 

KrF* 

L5 

2.6 

3  atm 

0.15 

2.8 

19 

5  '.'„  Kr 

KrJ 

0.075 

2.8 

38 

0.17  %  F 2 

F" 

0.085 

2 

47 

20  A/cm^ 

Fj 

0.000  15 

The  growth  of  laser  intensity  in  the  +  x  direction 
is  governed  by  the  équation, 

2^  =  «2  y   (3) 

where  I,  is  the  saturation  intensity  for  stimulated 
émission  and  /„  is  the  saturation  intensity  for  the 
nth  absorbing  species.  Since  the  gain  and  absorption 

are  isotropic  ^        =  ~  |~  "â^T  consequently 
=  constant  =  <^o  • 

Using  this  expression  to  relate  ^-  to  £,+  in  eq.  (3) 
we  have,  dropping  the  pluses, 

l'I,  ,    -T  .  (4) 

If  the  cavity  is  defined  by  a  perfect  reflector  at  x  =  0 
and  a  partial  with  reflectivity  R  ai  x  —  L,  then 

m-^o    and  UD^^^^'Jr. 


When  eq.  (4)  is  integrated  from  x  =  0  to  .v  =  L, 
an  expression  relating  ^q,  R,  go,  and  7„  is  obtained 
in  principle.  Then  the  laser  output  intensity  is  given 

by(l  -  R)aL)  =      -  r)/Jr. 

In  practice  a  simple  closed-form  solution  to  eq.  (4) 
is  only  obtained  if  we  approximate  the  distributed 
absorption  as  a  lumped  loss,  a,  in  the  output  mirror. 
Integrating  eq.  (4)  without  the  absorption  term  we 
obtain, 

-  ^o)  +  In  mo)  -  "  ^)  =  • 

Evaluating  this  at  x  =  L  with  the  boundary  condi- 
tion (^(L)  =  ^o/s/R  gives, 

(1  -  R)U^  =  yoL-\\nj.  (6) 

The  output  intensity,  defined  as 

/ou,  =  (1  -  ^  -  a) apis, 

is  then 

/..  =  '=^(.oL-^lnl)  ,7, 

where  t  =  l  -  R  -  a  is  the  transmissivity  of  the 
output  mirror. 

We  now  define  the  extraction  efficiency,  r]„  as  the 
ratio  of  actual  output  intensity  to  the  intensity  which 
would  be  obtained  if  every  KrF*  generated  in  the 
cavity  resulted  in  a  photon  leaving  the  output  mirror. 
This  maximum  intensity  is =  Rp  Vhv/A  =  goLI^, 
where  Rp  is  the  génération  rate  per  unit  volume 
of  KrF*.  The  extraction  efficiency  from  eq.  (7)  is 
then 

In  the  KrF  laser,  the  approximation  of  lumped  losses 
at  the  mirrors  is  not  very  good,  since  the  round  trip 
absorption,  a,  often  approaches  unity  and  the  resulting 
transmissivity,  t,  may  go  négative.  Furthermore,  the 
threshold  gain  derived  from  eq.  (8)'  is  independent 
of  the  absorption,  a  resuit  which  is  clearly  unphysical 
if  the  absorption  is  distributed.  For  if  gain  equals 
absorption,  the  médium  will  certainly  not  lase  even 
though  eq.  (8)  says  it  will  if  we  chose  the  right  reflec- 
tivity. 

An  approximation  which  yields  more  viable  results 
in  the  présence  of  large  absorption  losses  is  to  assume 
that  the  intracavity  intensity,  I  ^  +  <^-)  I,,  is 
constant,  independent  of  x.  Eq.  (4)  can  now  be 
integrated  readily  to  obtain.  In  ((J/^o)  =  - 
where  g  and  o(  are  the  saturated  gain  and  absorption 
respectively.  Applying  the  previous  boundary  condi- 
tion at  .V  =  L  yields 

1       ,        1  i/o  V  (Q^ 
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After  multiplying  both  sides  by  c,  this  équation  says 
that  the  rate  at  which  photons  are  being  extracted 
from  the  cavity  is  equal  to  the  différence  between 
the  rate  at  which  they  are  produced  and  the  rate  at 
which  they  are  absorbed.  The  output  intensity  is 
just  the  product  of  the  extraction  rate  and  the  number 
of  photons  in  the  cavity  divided  by  the  area  of  the 
output  aperture,  A,  i.e. 

'.iL.L,v='l„'  (10, 

°"'     2  L     /?  ch  V  ^  2  R 

If  /„  ^  /,  (see  Table  1)  then  a  ~  X  ^"<^ 
can  be  solved  for  /  directly.  Thus, 


Fig.  8.  —  Laser  extraction  efficiency. 


and  the  output  intensity  is  therefore, 


(12) 


The  extraction  efficiency  analagous  to  eq.  (8)  is 

.    I  In  _  I  I    —  ^ 

2L 


In- 


1 


In 


1 


1 


(14) 


\i  a  <^  t  the  optimum  reflectivity  is  given  by 


—  ln-^y.c/0-  ■ 


(15) 


and  the  maximum  extraction  efficiency  is,  from 
eq.  (14), 


(16) 


This  function  is  plotted  in  figure  8. 

In  a  practical  device  the  mirrors  cannot  be  placed 
directly  adjacent  to  the  gain  région.  Because  of  the 
electric  field  applied  to  the  discharge,  the  mirrors 
must  be  set  back  a  distance  at  least  equal  to  the 
électrode  séparation.  Alternatively.  Windows  may  be 


used  to  contain  the  laser  gas  and  the  mirrors  mounted 
externally.  We  must  then  define  several  différent 
lengths  and  modify  our  expression  for  the  extraction 
efficiency  and  optimum  reflectivity.  Let  L  remain 
the  mirror  séparation  and  define  as  the  gain  length 
and  /„  the  length  containing  the  «th  absorbing  species. 
Then  eq.  (14)  becomes 


(13) 


This  expression  has  been  compared  with  the  nume- 
rical  solution  of  eq.  (4)  and  was  found  in  good  agree- 
ment  for  values  of  R  down  to  30  /„  independent  of  i. 
In  contrast  to  eq.  (8)  the  threshold  gain  is  now  a 
function  of  the  distributed  absorption.  If  there  is 
also  some  lumped  absorption,  a,  in  the  optical 
components,  this  can  be  taken  care  of  as  before  and 
the  final  expression  for  extraction  efficiency  becomes. 


and  the  optimum  reflectivity  is, 


(18) 


5.  Discharge  stability.  —  The  glow discharge,  which 
is  an  effective  excitation  technique  for  a  vanety  of 
gas  lasers,  is  unstable  at  high  pressures  unless  sus- 
tained  by  an  extemal  ionization  source.  In  the  self- 
sustained  mode,  the  initial  glow  collapses  into  a 
filamentary  arc  after  a  time  which  dépends  on  the 
pressure  and  discharge  power  density.  This  occurrence 
can  be  prevented  by  keeping  the  discharge  in  a 
régime  where  the  principal  ionization  is  supplied 
externally. 

In  the  e-beam  sustained  KrF  laser,  a  uniform  glow 
can  be  maintained  for  times  up  to  a  microsecond  if 
the  discharge  voltage  is  kept  below  a  well-defined 
limit.  Under  heavy  pumping  conditions,  the  ionization 
of  metastable  states  becomes  a  signilicant  source  of 
électrons.  When  this  two-stage  ionization  exceeds 
ionization  by  the  e-beam,  the  discharge  goes  into  a 
volume  runaway  and  arcs  after  a  few  hundred  nano- 
seconds.  In  order  to  détermine  the  limits  of  the  stable 
operating  régime,  a  simple  KrF  discharge  model  is 
proposed  as  set  forth  in  figure  9. 

The  quantities  5,  and  S„  are  the  e-beam  source 
terms  for  ions  and  metastables  respectively.  The 
metastable  ionization  rate,  /c„„,  is  approximately 
equal  to  6  x  10"^  cm^  s'  '.  ^  is  the  attachment  rate 
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Plasma  kinelics  ; 

=  S,  +  A  „„  ,m,  -  lif.  n 
^  =  (it\n  -  yFAn  +  F_) 
^  =  S,„  +  k,,,  Nn  -  k,„i  mn  -  QF^  M 
Discharge  circuit  : 


Fig.  9.  —  Simple  KrF  laser  model. 

to  fluorine  and  y  is  the  ion-ion  recombination  rate. 
The  continuity  équations  for  the  metastables  can  be 
lumped  together  with  a  single  density,  m,  because 
the  quenching  rate,  Q,  and  ionization  rate,  k„,i,  are 
fairly  independent  of  species.  The  metastable  pro- 
duction rate,  k„„  is  then  a  weighted  sum  of  the  pro- 
duction rates  for  Ar*  and  Kr*.  This  rate  is  a  strong 
function  oîEjN  and  is  plotted  in  figure  10  for  several 
values  of  fractional  ionization  nIN. 

Since  the  time  constant  for  the  external  circuit, 

yZc  ~  200-500  ns, 

is  typically  large  compared  to  that  for  equilibrium 
of  the  ion  and  metastable  species  densities,  the 
équations  for  the  latter  can  be  solved  in  the  quasi- 
steady-state  approximation.  The  stability  of  the 


£/N  (10'^'  Vcm^) 
Fig.  10.  -  Metastable  production  raie. 


steady-state  solution  is  then  found  by  applymg  a 
small  perturbation  with  time  dependence  propor- 
tional  to  exp(-  mt)  and  looking  for  positive  ima- 
ginary  eigenvalues  of  w.  When  this  is  done  for  the 
équations  in  figure  9,  the  resulting  linearized  system 
for  the  perturbation  on  électron  and  metastable 
densities  is, 

(icu  +  ;t„,mo  -  i3F2)«  +  ^„,«o^  =  0  (19) 

(A:„,  N  -  k„,i  mo)  «  +  (ico  -  /c„„-      -  Q¥2)m  =  Q  . 

(20) 

The  eigenvalues  are  then  solutions  of 

ta^  +  \(joi^  +  Q^2  +  k„,in}j  - 

_  ^  gF,  -  k^,  noifiF,  -  k„,N)  =  0.  (21) 


Thus  2a>  =  -  b  ±  Jb^  -  4  c,  where  b  is  the  coef- 
ficient of  œ  m  eq.  (21)  and  c  is  the  constant  term. 
Since  b  is  positive  imaginary,  œ  will  have  a  positive 
imaginary  part  only  if  c>  0.  The  stability  require- 
ment  is  then, 

-Q¥2>  k„,noik„N  -F2)  (22) 
«0 


mo  <  m,  =  l/2(^^  +  ^)  '    where    S  =  S,  +  S„.. 

In  the  limit  of  low  e-beam  current  density,  the 
second  term  in  parenthèses  is  negligible  and  the 
condition  for  stability  reduces  to  that  found  pre- 
viously  [16].  In  its  présent  form  the  maximum  meta- 
stable density  is  a  function  of  e-beam  source  strength. 

The  stability  criterion  as  presented  in  eq.  (22)  is 
not  very  useful  in  defining  a  practical  operating 
régime  since  it  involves  the  steady-state  metastable 
density,  mo-  In  order  to  express  this  in  terms  of 
experimentally  definable  parameters,  we  solve  the 
steady-state  équations  for  m.  From  figure  9, 

«0  =  SJ{pF2  -  k„i  mo)  . 

Using  this  in  the  équation  for  m,  we  arrive  at  a  qua- 
dratic  équation  for       with  solutions, 

mo  =  m,±>f:^,  (23) 

where 

m',  =  {S„J¥2  +  S,k„,N)IQF2k„,. 

If  m,  <  nip,  then  two  real  solutions  exist,  one  of 
which,'mo  <  m^,  is  stable  and  the  other,  >  nip, 
is  unstable.  The  stable  solution  is  the  one  which  is 
reached  first  as  m  increases  from  zéro.  Stability  will 
be  maintained  as  long  as  m,  <       is  satisfied. 

A  new  stability  criterion  can  now  be  written  in 
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the  form  of  an  upper  limit  on  EjN  or  discharge 
voltage,  i.e. 


(24) 

The  term  on  the  right  side  of  the  inequaUty  is  only 
weakly  dépendent  on  EjN.  The  value  of  njN  on  the 
left  is  the  steady-state  fractional  ionization  at  the 
point  where 

mo  =        and    «o  =  2  SMF^  -  k^^  ^/gFj)  . 

For  a  given  e-beam  current,  gas  density,  A'^,  and 
fluorine  density,  F2,  we  can  use  figure  10  and  eq.  (24) 
to  establish  the  critical  value  of  EIN  above  which 
the  discharge  current  will  run  away.  Experimentally, 
with  the  current  rise  limited  by  circuit  inductance, 
this  runaway  is  seen  as  a  drop  in  discharge  impé- 
dance and  a  cessation  of  lasing. 

In  figure  1 1  the  critical  value  of  EjN  is  plotted  as 
a  function  of  e-beam  power  density  for  several 
values  of  total  pressure  and  fluorine  concentration. 
The  expérimental  points  are  taken  from  the  current 
and  voltage  waveforms  obtained  on  the  0.1  /  device 
described  in  référence  [1].  The  functional  dependence 
oïEjN  on  P^f,  is  roughly  EjN  oc  P;^°-^  for  the  condi- 
tions indicated.  The  dependence  of  EjN  on  F2  con- 
centration is  likewise  E/NccFl'^  and  on  total 
number  density  E/N  oc  A^"°-^.  Thèse  expressions  are 
only  approximately  valid  within  the  range  of  para- 
meters  given  in  figure  11. 


Jeb  (A/cm2) 


Pgj,  ■  (MW/cm^) 
ig.  11.  —  Maximum  EN  vs.  e-beam  density. 


A  subsidiary  criterion  for  stability  is  évident  from 
the  expression  for  steady-state  électron  density,  i.e. 


In  order  for  «q  to  be  positive,  must  be  less 
than  PFj/k^,.  If  S/QF2  >  i^Fa/Â:^,.,  then  eq.  (25) 
becomes  the  limiting  condition  on  E/N.  However, 
over  the  range  of  parameters  considered  here,  S/QF2  is 
always  less  than  f^Fj/k^^. 

Knowing  the  value  of  E/N  at  which  the  discharge 
becomes  unstable,  we  can  détermine  the  maximum 
discharge  power  loading  under  given  operating  condi- 
tions. The  discharge  power  density  is  given  by 

=  J.E  =  env^  E  . 

The  électron  drift  velocity,  r^,  was  shown  in  figure  3 
as  a  function  of  E/N  and  n/N.  Within  the  range, 

lTd<E/N<\OTd   and    IQ-""  <  n/N  <  10' \ 

can  be  approximated  by 

Then  P^  is  given  by 

For  Wq  <^  Wp,  n/N  is  proportional  to  JeJ^i-  The 
maximum  E/N  is  proportional  to  F2^  N~^°. 

Therefore  P^  oc  F°  7V°  ^  Writing  this  in  terms 
of  the  e-beam  power  density       ~  J^^      we  have 

P,  oc  P°i,'  F°  '^  A^o  i. 

The  maximum  discharge  power  density  is  pro- 
portional to  the  square  root  of  the  e-beam  power 
déposition.  This  means  that  the  power  enhancement 
factor,  PJPeb,  is  smaller  at  higher  e-beam  current 
densities.  It  is  larger  at  higher  F2  concentrations 
and,  in  a  given  mixture,  at  higher  total  pressures. 

For  overall  System  efficiency,  it  is  désirable  to 
have  PJPeb  as  large  as  possible.  In  this  respect  then 
it  is  better  to  operate  at  low  beam  currents  and 
high  F2  and  total  pressures.  The  limitation  in  going 
to  low  e-beam  current  densities  is  that  as  the  total 
power  is  reduced,  the  ratio  of  smali  signal  gain  to 
absorption  is  less  and  extraction  efficiency  becomes 
poor,  figure  8.  The  limitation  on  fluorine  concen- 
tration arises  from  quenching  of  the  KrF*  state  and 
absorption  by  F2  and  F_.  At  higher  pressures  there 
is  more  three-body  quenching  of  KrF*  and  increased 
formation  of  the  trimers,  AtjF*,  ArKrF*  and  KrjF* 
by  interception  of  energy  channels  leading  to  KrF*. 
There  is  therefore  an  optimum  choice  of  the  para- 
meters A^,  F2,  and  J^i,,  which  will  give  the  highest 
overall  efficiency  and  laser  output. 
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6.  Scaling  problems  of  the  KrF  laser.  —  The  KrF 

user  appears  to  have  the  greatest  polential  of  ail 
Dther  candidates  for  scaling  to  very  high  average 
Dowers  in  the  near  ultraviolet.  The  highest  spécifie 
energy  (30  J/1)  and  efficiency  (10  %)  to  date  have  been 
Jemonstrated  in  a  small  device  (0. 1 2  1)  with  an  e-beam 
îustained  discharge.  In  larger  devices,  however, 
Jischarge  loading  has  not  been  nearly  as  effective 
ind  in  most  cases  has  been  abandoned  as  a  viable 
pumping  technique.  We  believe  that  efficient  dis- 
charge  pumping  in  large  devices  can  be  achieved 
and  that  this  represents  the  best  alternative  for  a 
reasonably  sized  high  average  power  laser. 

We  have  undertaken  a  systematic  study  of  the 
électron  kinetics,  discharge  stability,  e-beam  dépo- 
sition, and  optical  extraction  in  order  to  détermine 
the  scalabihty  of  the  KrF  laser  and  to  assess  the 
relative  merits  of  e-beam  versus  discharge  pumping. 
We  find  that  discharge  power  loading  is  limited  by 
the  nonuniformity  of  e-beam  déposition  and  by  the 
ability  of  the  extemal  circuit  to  couple  energy  into 
a  low-impedance  load.  If  the  energy  déposition  is 
made  uniform  through  the  use  of  opposed  e-beams 
and  the  device  is  operated  at  low  beam  currents  to 
maximize  the  discharge  impédance,  then  an  extracted 
laser  energy  of  45  J/1  may  be  achieved  with  8  %  effi- 
ciency. This  is  about  a  factor  of  three  more  energy 
than  could  be  extracted  with  an  e-beam  alone.  The 
implications  are  that  a  much  smaller  device  can  be 
built  for  a  given  average  power  with  ail  the  associated 
savings  in  optics,  size  and  gas  handling  equipment. 

The  maximum  discharge  power  loading,  Pj,  consis- 
tent with  stable,  long-pulse  opération  is  proportional 
to  the  square  root  of  the  e-beam  power  density,  P^. 
This  relationship  has  been  derived  from  a  discharge 
stability  analysis  and  has  been  confirmed  experimen- 
tally.  The  stability  criterion  for  discharge  pumping 
is  then, 

P,  <  yPl'^  .  (28) 

For  the  gas  mixture  94.8  %  Ar  5  %  Kr  0.17 /„  Fj 
at  a  total  pressure  of  3  atm,  the  constant,  y,  is  equal 
to  1.3  when  P^  and  P,  are  given  in  MW/cm^  The 
above  condition  must  be  satisfied  at  every  point  in 
the  discharge  or  two-stage  ionization  will  lead  to 
volume  runaway  and  eventual  arcing. 

Another  condition  which  must  be  satisfied  in  the 
discharge  is  current  continuity.  Near  the  center  of 
large  planar  électrodes,  this  implies  constant  current 
density  along  a  field  line,  i.e. 

J,  =  env,(^  ,  -^^  =  constant  (29) 

where  E  is  the  electric  field  strength  and  is  the  gas 
density.  Since  the  électron  density,  n,  is  controUed 
by  the  e-beam  déposition  which  varies  with  distance 
from  the  foil,  the  electric  field  must  compensate  by 
changing  the  électron  drift  velocity,  y,,. 


Using  the  expression  for  v,  from  eq.  (26),  the  current 
density  is  given  by, 

from  which  it  is  clear  that  along  a  field  line  E/N  must 
vary  inversely  as  the  cube  of  n/N  in  order  to  keep 
the  current  density  constant. 

Monte  Carlo  simulation  studies  and  expérimental 
measurements  of  the  e-beam  energy  déposition  in 
gases  show  that  the  déposition  falls  off  more  or  less 
linearly  away  from  the  foil  for  the  range  of  beam 
énergies  and  foil  thicknesses  considered  here.  This 
spatial  dependence  can  be  written  as, 

PM)  =  ^.o[l  +  C'-  -  (31) 

where  r  is  the  ratio  of  the  power  density  at  a  distance  d 
from  the  foil  to  the  power  density  at  the  foil.  The 
source  density,  S,  for  generating  électrons  in  the  gas 
is  related  to  the  e-beam  power  density  by  5  =  PJWi, 
where  is  the  energy  dissipated  in  creating  an 
electron-ion  pair.  (For  argon,  Wi  =  26.2  eV.)  Since 
the  principal  loss  of  électrons  is  by  attachment  to 
fluorine,  the  électron  density  is  given  by, 

SI^V^^  PJ^^^W,  (32) 

where  ^  is  the  attachment  coefficient  and  F 2  is  the 
fluorine  density. 

The  discharge  power  density  is  given  by, 

P^  -  NJ^  E/N  (33) 

and  since  is  constant  along  a  field  line,  P^  varies 
directly  as  E/N. 

From  eqs.  (30)  and  (32)  then,  we  see  that  Pj  must 
vary  inversely  as  the  cube  of      (Fig-  12),  or 

P,{x)  =  ci\  +  (r  -  l)x/ciy' .  (34) 

The  constant  c  will  now  be  chosen  so  that  the  stability 
criterion,  eq.  (27)  is  satisfied  throughout  the  dis- 
charge. It  is  clear  from  eq.  (34)  that  the  condition  is 
most  likely  to  be  violated  at  x  =  d.  Therefore,  we 
set  Paid)  =  yPy\d)  or  cr"^  =  yr"^  Pj^^  so  that  c 
is  given  by  c  =  yr^'^  Pèo^.  The  average  e-beam  and 
discharge  power  densities  can  now  be  found  by 
integrating  eqs.  (31)  and  (34)  over  x  from  0  to  d. 
Thus, 

F^,  =  p^^{\  +  r)/l  (35) 


Fig.  12.-  Discharge  current  continuity. 
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r)l2. 


(36) 


If  the  discharge  power  is  supplied  by  a  simple 
capacitive  discharge  circuit,  where  maximum  power 
is  reached  at  the  end  of  the  e-beam  puise,  then  the 
discharge  power  averaged  over  time  is  just  half  of 
that  given  in  eq.  (36).  The  total  energy  dissipated  in 
the  laser  is  then, 


found  in  good  agreement  for  values  of  R  down 
to  30%. 

The  maximum  output  intensity  corresponding  to 
complète  extraction  of  ail  laser  photons  is 


:  {P,  +  PJ2) 


(37y 


where  Tp  is  the  puise  length. 

The  quantum  efficiency  for  converting  e-beam 
energy  into  excited  KrF  is  hv(l  +  ô^)IWi  =  25%, 
where  is  the  fraction  of  excited  states  produced 
for  every  ion  pair.  (For  argon  =  0.29.)  The  quan- 
tum efficiency  for  converting  discharge  energy  into 
KrF*  States  is  36  %.  The  actual  conversion  efficiencies 
are  somewhat  lower  due  to  formation  of  trimers  and 
the  loss  of  ArF*  to  quenching  and  spontaneous 
émission.  In  an  optimized  gas  mixture,  conversion 
efficiencies  of  r]^  =  20  %  and  r]^  =  25  /„  can  readily 
be  achieved.  Thèse  values  are  independent  of  input 
power  density.  The  average  production  rate  of  KrF* 
per  unit  volume,  Rp,  can  now  be  written, 

Rp  =  i^e  Peo  +  ni  yPlI^'  r'"/2)  (1  +  r)/2  hv  .  (38) 

Since  the  ground  state  of  KrF*  is  dissociative, 
the  small-signal  gain  is  given  by  tjo  =  oN*  =  aRp  t, 
where  o  is  the  cross  section  for  stimulaled  émission 
and  T  is  the  total  KrF*  lifetime.  Another  way  of 
writing  this  relation  ist/o  =  /?p /îv//,,  where /,  =  hvjaT 
is  the  saturation  intensity.  Using  a  spontaneous 
émission  lifetime  of  9  ns  [17],  a  stimula ted  émission 
cross  section  of  1.9  Â  and  the  published  fluorine  and 
three-body  quenching  rates  [18]  of  KrF*,  the  satu- 
ration intensity  for  the  mixture  94.8  /„  Ar  5  %  Kr 
0.17  %  F2  at  3  atm  is  2.6  MW/cm^.  The  expression 
for  the  average  small-signal  gain  is  then, 

cjo  =  (rie  Peo  +      yPèi'  r'^')  (1  +  0/2  A. .  (39) 

Since  the  discharge  power  density  is  greatest  where 
the  e-beam  power  density  is  lowest,  the  sum  of  the 
two  is  fairly  constant  and  the  error  in  using  averaged 
quantities  is  minimal. 

The  laser  output  intensity  is  given  in  terms  of  the 
small-signal  gain,  the  gain  length,  /,  the  mirror 
reflectivity,  R,  and  the  absorption  in  the  laser  médium, 
y.,  by  the  expression. 


1 


(40) 


This  expression  has  been  compared  with  an  exact 
numerical  solution  of  the  cavity  équations,  and  was 


^max  ^  RphvV/A   =  CJç^lI^ 

so  the  extraction  efficiency  can  be  defined  as, 
4u,     1  ,  1  (      1  1  \ 

2r''  R 


(41) 


(42) 


The  optimum  reflectivity 
to  be 

1       1  / — 
—  In  —  =  y^/agn,  —  OL 
21     R  ^ 


is  found  from  eq.  (42) 
(43) 


which  corresponds  to  a  maximum  extraction  effi- 
ciency of 


cr=  1 


(44) 


The  extracted  laser  energy  density  can  now  be 
written  as 


Êout  =  '7ext  Pp  ^^'^p 


(45) 


Absorption  in  the  laser  médium  is  made  up  of 
two  types  :  1)  static  absorption  by  molecular  fluorine 
and  2)  transient  absorption  due  to  F~,  positive 
molecular  ions,  and  possibly  excited  electronic  states. 
Our  absorption  measurements  show  that  the  domi- 
nant transient  absorption  is  due  to  the  ions,  F",  Krj 
and  Ar2  ■  Since  the  ions  are  lost  by  recombination, 
their  population  is  proportional  to  the  square  root 
of  the  e-beam  power  density.  We  can  therefore  write, 


-  «Tp,[F2] 


(46) 


where  c  is  a  constant  determined  experimentally  to 
be  4  X  10"^^  cm  s  and  cxp,  -  1-5  x  10"^°  cm^ 
The  e-beam  puise  length  is  chosen  so  that 

TpJ,  =  lOnC/cm^  . 

This  value  has  been  found  to  be  an  upper  limit  for 
the  consistent  opération  of  a  single  shot  e-beam 
device  without  foil  damage.  This  limitation  also 
points  out  the  advantage  of  operating  at  the  highest 
pressure  consistent  with  good  laser  efficiency,  since 
the  e-beam  energy  déposition,  Zp,  is  now  inde- 
pendent of  the  current  density  but  proportional  to 
gas  density.  We  have  chosen  our  test  case  at  3  atm, 
because  this  pressure  has  resulted  in  efficient  laser 
opération  in  small  devices.  The  reason  that  lower 
pressures  have  been  found  to  give  higher  output  in 
large  devices  is  because  of  poor  e-beam  pénétration 
at  high  pressures.  The  nonuniformity  of  e-beam 
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Fig.  13.  -  Spécifie  energy  (e-beam  +  discharge).  (  ■)  Expérimen- 
tal data  obtained  on  two  northrop  devices. 


déposition  also  limits  the  discharge  energy  loading 
in  large  devices,  as  we  shall  see  below. 

We  now  have  ail  the  information  necessary  to 
détermine  the  extracted  laser  energy  density  from 
eq.  (45).  This  is  plotted  as  a  function  ofP.o  m  figure  1 3 
for  the  mixture  94.8  "/„  Ar  5  %  Kr  0.17  %  F2  at  3  atm. 
The  corresponding  e-beam  current  density  is  given 
on  the  upper  scale.  The  curves  show  that  a  high 
extracted  laser  energy  is  possible  at  low  e-beam 
current  densities  if  the  e-beam  déposition  is  uniform. 
The  uniformity  becomes  more  critical  the  smaller 
the  value  of  P,o-  When  r  =  0  there  is  no  benefit 
from  discharge  pumping  at  ail,  since  the  discharge 
is  always  unstable. 

The  small-signal  gain  and  absorption  for  the  same 
gas  mixture  are  plotted  in  figure  14  as  a  function  of 
e-beam  power  density.  The  horizontal  line  at 
0.24  %  cm  "  '  is  the  absorption  due  to  4  torr  of  fluorine 
with  the  factor  L/l  =  1.2  taken  into  account.  (L  is 


the  distance  between  the  laser  mirrors,  or  Windows, 
which  is  filled  with  fluorine.  The  value  1.2  is  required 
to  ensure  electrical  isolation  of  the  électrodes  from 
the  mirror  mounts.)  Most  of  the  remaining  absorp- 
tion is  due  to  the  ions  F",  AT2  and  Kr^  which  are 
proportional  to  P^l,^.  The  measurements  by  AVCO 
at  the  same  pressure  in  a  slightly  diff"erent  mix  are 
shown  for  comparison.  Their  values.  A,  for  the 
transient  absorption  at  1.5  and  6  A/cm ^  are  added 
to  our  baseline  at  0.24%  cm"'.  The  small-signal 
gain  is  seen  to  increase  faster  than  the  absorption  in 
going  to  harder  pumping. 

From  eq.  (43)  it  is  seen  that,  for  a  given  small- 
signal  gain  and  absorption,  the  optimum  mirror 
reflectivity,  R,  is  determined  by  the  gain  length,  /. 
As  the  laser  is  increased  in  length,  the  optimum 
value  of  R  is  reduced.  However,  there  is  a  minimum 
value  of  R  below  which  the  mode  quality  of  the  laser 
suff"ers  due  to  superfluorescence.  The  minimum  reflec- 
tivity  is  found  experimentally  to  be  about  20  %•  This 
condition  sets  a  limit  on  the  length  of  the  laser  given 
by. 

2(7^  -  y) 

Thus,  as  the  input  power  density  increases  and  the 
small-signal  gain  and  absorption  go  up,  the  maximum 
length  of  the  device  is  reduced.  This  is  an  important 
considération  m  scaling  to  high  puise  énergies. 

In  figure  1 5  the  overall  laser  efficiency,  maximum 
gain  length  and  discharge  enhancement  factor  are 
plotted  as  a  function  of  e-beam  power  density.  The 
discharge  enhancement  factor  is  defined  as  the  ratio 
of  energy  deposited  in  the  gas  by  the  discharge  to 
that  deposited  by  the  e-beam.  It  can  be  determined 
from  eq.  (35)  and  (36)  as 

PJ2  P,  =  yr"'l2  P^,'  .  (48) 
The  overall  efficiency  is  an  increasing  function 
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Fig.  16.  —  Specitic  energy  (e-beam  only).  M(  m)  Expérimental  Fig.  17.  —  Maximum  gain  length  and  efliciency  (e-beam  only). 
data  obtained  on  Maxwell  device. 


of  since  the  small  signal  gain  is  increasing  faster 
than  the  absorption.  From  this  graph  we  can  see 
that  there  is  a  tradeoff  to  be  made  between  the  size 
of  a  device  and  the  operating  efficiency.  With  a  one 
meter  gain  length,  an  extracted  energy  of  45  J/1  can 
be  achieved  at  8  %  efficiency  with  an  e-beam  current 
density  of  6  A/cm^.  In  contrast,  a  one  meter  laser 
pumped  by  an  e-beam  alone  at  12  A/cm^  can  deliver 
only  11  J/1  at  8%  efficiency  (see  Fig.  16  and  17). 
The  difficulty  comes  in  achieving  less  than  10  % 
variation  in  e-beam  déposition  in  the  field  direction. 
We  feel  that  the  only  way  this  can  be  done  is  with 
two  opposed  e-beams. 

Some  comparison  runs  with  e-beam  pumping  only 
were  made  assuming  uniform  déposition  (r  =  1) 
and  L/l  =  1 .  The  extracted  energy  density  is  plotted 
in  figure  16  for  1.5  and  3  atm  total  pressure.  Two 
conclusions  may  be  drawn  from  thèse  curves  :  1)  bar- 
der pumping  Works  best  at  higher  pressures  and 
2)  the  extracted  energy  always  increases  with  pumping 
power.  The  best  expérimental  results  of  Maxwell 


(2  atm),  AVCO  (1.7  atm)  and  Northrop  are  in  good 
agreement  with  the  prédictions. 

The  maximum  gain  length  and  overall  efficiency 
for  an  e-beam  pumped  KrF*  laser  are  shown  in 
figure  17.  Again  the  tradeoff  between  device  size 
and  efficiency  is  clear.  The  lasers  of  Maxwell,  AVCO 
and  Northrop  are  seen  to  be  very  close  to  the  limit 
of  scalability.  The  only  way  to  go  to  higher  than  10 
to  12  J/1  without  severely  limiting  the  device  size  is 
through  combined  e-beam  and  discharge  pumping 
with  the  uniform  déposition  achieved  by  opposing 
beams. 

In  conclusion,  e-beam  sustained  discharge  pumping 
seems  to  have  some  distinct  advantages  especially 
for  high  average  power  excimer  lasers,  even  though 
some  additional  complexities  are  involved  in  dis- 
charge pumping.  Thèse  complexities  arise  primarily 
due  to  nonuniformity  of  the  e-beam  déposition  and 
conséquent  discharge  instability.  Solution  to  thèse 
problems  appears  to  be  feasible  using  two  opposing 
e-beams  to  provide  uniform  ionization. 
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Abstract.  -  The  essential  features  of  the  processes  in  laser  radiation  are  considered  with  démonstration  of  their 
discharge  nature.  Review  of  results  is  given  for  breakdown  and  maintenance  of  contmuous  equihbrmm  plasma 
by  laser  radiation. 


1.  Optical  discharges  and  their  rôle  in  comparison 
with  other  discharges.  —  After  development  of  rather 
powerful  lasers  of  pulsed  and  continuous  running 
many  effects  of  laser  radiation  on  gas  and  laser- 
plasma  interaction  were  observed  and  investigated. 
It  appears  at  detailed  considération  that  there  is  a 
number  of  processes  which  correspond  to  the  well 
developed  branch  of  physics  —  gas  discharge  physics. 
As  a  matter  of  fact  a  quite  new  interesting  and  prac- 
tically  important  part  on  optical  discharges  is  included 
in  discharge  physics,  and  its  rôle  is  the  same  as  radio- 
frequency  and  microwave  discharge  physics.  The 
aim  of  this  lecture  is  to  consider  the  essential  features 
of  the  processes  in  laser  radiation  fîelds,  to  demonstrate 
their  discharge  nature  and  to  give  a  review  of  modem 
results  in  this  field. 

In  pre-laser  époque  (up  to  the  middle  of  sixties) 
three  main  electromagnetic  fréquence  ranges  were 
investigated  and  used  in  gas  discharge  physics  and 
technology  : 

1.  Static  electric  field  and  close  to  it  low  frequency 
electromagnetic  fields. 

2.  Radio-frequency  —  a  wide  range,  with  a  mega- 
herz  as  a  middle  of  it. 

3.  Microwaves  —  fréquences  of  order  gigaherz, 
wave  lengths  —  cm,  mm. 


Laser  technique  development  gave  to  gas  dis- 
charge physics  the  fourth  range  —  an  optical  one, 
which  includes  infrared,  visible  and,  to  some  degree, 
ultraviolet  radiation.  It  is  curious  that  in  pre-laser 
époque  nobody  could  even  imagine  the  possibility 
of  gas  discharge  effects  in  optical  fields  —  the  usual 
non-laser  light  sources  were  to  weak. 

In  order  to  make  clear  the  rôle  of  effects  of  laser- 
plasma  interaction  in  comparison  with  usual  gas- 
discharge  phenomena  it  is  reasonable  to  classificate 
thèse  phenomena.  If  we  bear  in  mind  the  laser  radia- 
tion action  which  is  almost  free  of  solid  surface 
influence  we  should  classificate  thèse  effects  according 
to  some  sign  which  is  not  connected  with  électrode, 
near  électrode  and  near  wall  effects.  We  shall  dis- 
tinguish  three  main  types  of  volume  gas  discharge 
processes  at  moderate  and  high  pressures  (we  consider 
only  thèse  pressures). 

1.  Gas  breakdown.  That  is  the  development  of 
ionization  avalanche  under  action  of  applied  extemal 
field,  the  conversion  of  initially  neutral  gas  into  plasma. 

2.  The  maintenance  of  non-equilibrium  plasma.  In 
this  case  the  température  of  électrons  responsible  for 
ionization  is  rather  high  but  gas  of  heavy  particles 
remains  cold.  Usually  it  is  weakly  ionized  plasma  at 
moderate  pressures,  less  than  hundreds  of  torr. 
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3.  The  maintenance  of  equilibrium  plasma  by 
e.m.  field  :  électron  and  heavy  particle  températures 
are  almost  equal,  ionization  degree  is  close  to  its 
thermodynamically  equilibrium  value.  This  is  so 
called  low  température  plasma  with  températures  of 
order  of  10  000  K  of  atmospheric  pressures. 

Each  of  thèse  three  processes  can  be  realised  in 
fields  of  any  of  four  hsted  ranges.  And,  actually  the 
most  part  of  thèse  phenomena  was  observed  experi- 
mentally  and  investigated  in  détail.  The  following 
table  explains  the  above  given  classification.  Here. 
the  typical  conditions  under  which  one  or  another 
process  occurs  are  pointed  out. 

Considering  optical  discharges  in  more  détails  we 
can  see  that  thèse  phenomena  do  not  diflfer,  in  prin- 
ciple  from  corresponding  discharge  processes  at 
other  frequency  ranges.  So  one  can  doubtless  put 
optical  discharges  into  above  given  table. 

2.  Optical  gas  breakdown.  —  This  effect  was  disco- 
vered  in  1963  [1].  The  beam  of  Q-switched  ruby  laser 
was  focused  by  lens,  there  was  a  spark  in  the  focal 
région  where  plasma  was  formed.  To  achieve  gas 
breakdown  by  light  radiation  one  need  to  have  high 
laser  parameters.  The  atmospheric  air  breakdown 
occurs  at  peak  power  of  30  MW  (puise  energy  1  J, 
puise  duration  30  ns)  and  the  focal  région  radius 
10"^  cm.  Radiation  intensity  at  focal  région  is  about 
10^  MW/cm^,  and  electric  field  in  e.m.  wave  about 

6  X  10*- V/cm. 

Breakdown  threshold  is  very  sharp,  and  when  radia- 
tion intensity  is  decreased  to  some  value  the  break- 
down ceases  to  exist. 

New  efîect  is  of  great  interest  for  physicists.  For 
some  years  optical  breakdown  was  investigated  expe- 
rimentally  and  theoretically  in  so  detailed  manner 
that  now  we  know  about  it  not  less  than  we  know 
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Fig.  1.—  Pressure  dependenceof  optical  breakdown  field  strength. 


about  its  analogue  —  microwave  breakdown  —  and 
at  least  more  than  we  know  about  much  more  compli- 
cate  process  —  breakdown  in  électrode  gap. 

The  main  results  on  optical  breakdown  were 
obtained  in  sixties.  The  theoretical  explanation  of 
this  phenomenon  was  given  at  the  same  time.  Ail 
thèse  results  are  well  known,  they  are  summarized 
in  [2].  The  récent  years  don't  add  any  significant 
results  —  some  additional  expérimental  values,  the 
understanding  of  more  fine  détails,  more  précise 
theoretical  explanations. 

The  threshold  fields  in  light  wave  E,  necessary  for 
breakdown  by  focused  radiation  of  ruby  laser  are 
shown  at  figure  1  (from  [3])  for  a  few  gases.  The 
thresholds  were  measured  in  wide  pressure  intervais. 
The  similar  data  on  microwave  breakdown  is  given 
al  figure  2  (from  [4])  for  comparison.  Note  the  resem- 
blance  of  dependencies  E^{p).  As  we  shall  see  this 
resemblance  has  deep  physical  foundations. 
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Fig.  2.  —  Pressure  dependence  of  microwave  breakdown  field 
strength.  Frequency  994  MHz,  diffusion  length  1.51  cm. 


The  électron  avalanche  is  developed  under  action 
of  light  electromagnetic  field  in  the  same  manner  as 
in  other  fields.  The  first  seed  électrons  appear  in  the 
light  wave  field  as  a  resuit  of  multiphoton  photo- 
electric  efîect.  This  is  différent  from  the  cases  of  other 
fields  where  the  seed  électrons  appear  by  randomly 
chance  (from  cosmic  radiation).  In  the  wave  field 
the  électron  acquires  its  energy  gradually  at  collisions 
with  atoms  till  this  acquired  energy  would  be  suffi- 
cient  for  atom  ionization  and  new  électron  appear. 
In  such  a  way  the  électron  reproduction  occurs.  The 
avalanche  development  is  determined  by  the  pro- 
cesses of  électron  energy  increase  in  the  electro- 
magnetic field  and  électron  energy  losses  at  collisions 
(elastic  and  non-elastic  ones),  and  also  by  the  électron 
losses  because  of  diffusion  or  électron  attachment  in 
electronegative  gases. 

The  losses  of  électron  energy  and  losses  of  élec- 
trons themselves  dépend  weakly  on  the  field  nature 
and  it  happens  more  or  less  in  the  same  way  in  any 
fields.  Only  energy  increase  dépends  on  field  fre- 
quency and  the  peculiarities  of  optical  discharge  are 
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connected  with  quantum  nature  of  interaction  bet- 
ween  électrons  and  optical  e.m.  field.  According  to 
classical  theory  an  électron  in  oscillating  field  oscil- 
lâtes and  at  the  same  time  moves  randomly.  At 
every  collision  its  average  vibration  energy 

transforms  into  energy  of  random  motion  {E  —  mean 
square  field,  w  -  frequency).  The  rate  of  energy 
increase  from  field  is  equal  to 


■  O 


where  v„,  effective  frequency  of  electron-atom  colli- 
sions. In  the  case  when  électron  does  not  manage  to 
make  many  oscillations  during  the  time  between 
collisions  the  energy  acquired  at  collision  is  decreased 
in  comparison  with  the  energy  Eo^c  and  we  have  to 
use  co'  +  vi  instead  of  w\  The  relation  (1)  is  valid 
even  in  the  limit  of  static  field  at  w  ^  0. 

From  (1)  one  can  see  that  for  any  frequency  at 
rather  low  pressures  when  vf,,  <^  w\  the  low  of  pro- 
portionality  (de/dO^  ~  vjœ'  is  valid.  The  rate 
of  energy  increase  is  determined  by  the  ratio  E/œ. 
The  rate  is  the  more  the  higher  the  pressure.  To  the 
contrary,  at  high  pressures  when  vi  >  w^  the  rate 
(d6/d0£  ~  £2^v„is  decreased  with  pressure  and  it  does 
not  dépend  on  co.  In  order  an  avalanche  and  break- 
down  take  place  it  is  necessary  to  overcome  the  électron 
and  électron  energy  losses.  That  definite  rates  of  energy 
increase  in  the  field  (de/dOc  and  definite  lonization 
frequency  are  required.  The  required  lonization 
frequency  dépends  on  (d£/df)£. 

It  foUows  from  this  fact  that  at  vi  <  the  thresh- 
old  field  is  proportional  to  the  frequency  and  decreases 
when  the  pressure  increases.  At  rather  high  pressures 
when  >  co^  the  threshold  field  dépends  weakly 
on  the  "frequency  and,  to  the  contrary,  increases 
with  pressure.  At  pressures  satisfying  the  condition 
v„  ^  œ,  the  function  E,{p)  has  a  minimum.  The 
figure  2  for  microwave  breakdown  can  be  explain- 
ed  by  thèse  considérations.  In  the  same  quality 
manner  one  can  explain  optical  breakdown  curve 
(Fig.  1).  The  relation  (1)  makes  clear  why  at  optical 
frequencies  it  is  necessary  for  breakdown  to  have 
much  higher  fields  than  at  microwave  frequencies 
(E,  ~  oj  ;  threshold  wave  intensity  S,  ~  E,^  ~  o)^). 
It  is  clear  why  minimum  of  E,ip)  moves  in  the  direc- 
tion of  very  high  pressure  région  (hundreds  of  atmo- 
pheres).  The  minimum  corresponds  to 

v„  =  constant  p     o  . 

The  question  is  how  to  ground  the  applicability  of 
relation  (1). 

In  one  of  the  first  papers  on  optical  breakdown  [5] 
the  possibility  to  apply  approximately  this  simple 
and  convenient  relation  was  shown.  The  quantum 
theory  of  the  effect  was  also  constructed  in  this  paper. 


In  fact,  in  light  field  an  électron  absorbs  energy 
quanta '//OJ,  equal  to  1.78  eV  in  the  ruby  laser  case. 
Il  is  much  more  than  average  energy  of  électron 
oscillations  in  the  wave  field  =  E^lmco'.  How- 
ever  the  analysis  of  kinetic  équation  for  energy  dis- 
tribution function  shows  that  formula  (1)  is  valid 
not  only  under  the  condition  ho  <  but  under 
weaker  condition  hoj  <  t:.  In  microwave  région  even 
trivial  requirement  fia)  «  ««se  's  satisfied  and  there  is 
no  question  on  quantum  effects.  In  optical  range  we 
have  £osc  ~  10'^  q\  <  hœ  ^  1.8  eV.  But  average 
energy  of  électron  spectrum  is  of  order  of  lonization 
potential,  that  is  10  eV,  therefore  one  can  consider 
the  condition  Hoj  <^  e  to  be  satisfied. 

In  the  case  of  optical  fields  the  formula  (1)  is 
approximately  valid  but  one  has  to  treat  it  statisti- 
cally.  Let,  for  example  -  0.01  hœ.  Of  course  an 
électron  can  not  acquire  1/100  of  quantum  energy 
from  field  during  a  collision.  It  means  roughly  that 
it  does  not  acquire  any  energy  during  99  collisions 
and  acquires  an  energy  quanta  at  hundredth  colli- 
sion. The  précise  calculations  of  électron  avalanche 
and  breakdown  threshold  are  made  as  usually  on 
the  base  of  kinetic  équation.  The  calculations  of 
paper  [5]  and  the  following  ones  are  in  agreement 
with  expérimental  results. 

The  fact  that  the  relation  S,  ~  is  satisfied  for 
threshold  radiation  intensity  in  wide  frequency  range 
from  microwave  (co  ~  10'°  rad/s)  up  to  optical  fre- 
quencies (co  ~  10''  rad/s)  is  a  significant  argument 
in  favour  of  avalanche  theory.  The  data  on  optical 
breakdown  at  some  frequencies  of  visible  and  infrared 
spectrum  parts  (ruby,  neodymium  and  COz-laser) 
are  available.  Quite  recently  the  data  on  the  widest 
range  between  microwave  and  infrared  spectrum 
parts  were  obtained.  The  breakdown  by  radiation 
with  wave  length  A  =  0.38  mm  was  investigated,  the 
radiation  source  bemg  a  laser  on  heavy  water.  Figure  3 
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Fig.  .1.  -    Frequency  dependence  of  breakdown. 
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demonstrates  the  curve  S,  ~  co-^.  The  apparent  deflec- 
tion  in  low  frequency  région  is  because  of  the  fact 
that  one  has  to  put  the  value  of  co^  +  vl  instead  of 
co^  into  formula  (1).  Taking  into  account  this  fact 
one  can  diminish  a  disagreement.  The  real  deflection 
from  the  curve  5,  ~  o»^  is  observed  in  ultraviolet 
spectrum  part,  at  breakdown  by  second  harmonies 
of  neodymium  and  ruby  lasers  where  quantum  efifects 
are  significant  (second  harmonies  ruby  quanta  is  very 
high  —hœ^  3.56  eV). 

The  considération  given  shows  that  effects  of  optical , 
and  microwave  breakdown  have  much  in  common. 
There  are,  of  course,  some  new  détails  connected 
with  quantum  nature  of  interaction  between  light 
radiation  and  matter.  For  example  the  ionization  of 
excited  atoms  is  possible  by  two  or  three-photon 
effect  and  sometimes  it  is  of  essential  influence  on 
électron  reproduction  rate.  But  in  the  main,  optical 
breakdown  mechanism  is  not  différent  from  mecha- 
nism  of  volume  (not  streamer)  breakdown  in  any 
other  fields. 

3.  The  maintenance  of  non-equilibrium  plasma.  — 

This  process  is  usual  in  the  static  field  —  glow  dis- 
charge. But  it  is  not  typical  not  only  for  optical  but 
even  for  microwave  frequencies.  The  matter  of  the 
fact  is  that  plasma  can  be  a  non-equilibrium  one 
only  as  weakly  ionized  and  when  the  pressures  does 
not  high.  Energy  input  must  be  small  and  energy 
exchange  between  électrons  and  heavy  particles  must 
be  very  slow.  Otherwise  gas  is  quickly  heated,  achieves 
an  equilibrium  with  électrons  and  ionization  is  a 
thermal  one.  But  at  very  low  gas  densities  plasma 
absorbs  light  radiation  weakly,  therefore  steady-state 
non-equilibrium  plasma  maintenance  in  laser  radiation 
field  would  require  great  laser  power. 

Even  in  microwave  frequency  where  coefficient  of 
electromagnetic  field  absorption  proportional  to  l/co^ 
is  high,  one  can  obtain  a  non-equilibrium  plasma  only 
in  puise  fields,  when  high  radiation  intensities  are 
possible.  In  steady-state  microwave  one  can  obtain 
only  equilibrium  highly  ionized  plasma  at  normal 
pressure  conditions. 

One  can  obtain  non-equilibrium  plasma  at  late 
stage  of  optical  breakdown,  but  such  effects  did  not 
attract  attention  of  theoreticians  and  expenmentators. 
Therefore  we  consider  the  third  (according  to  classi- 
fication adopted)  type  of  discharge  processes. 

4.  The  maintenance  of  equilibrium  plasma  in  conti- 
nuons optical  discharge.  —  The  arc-like  discharges 
in  which  steady-state  equilibrium  plasma  is  main- 
tained  by  e.m.  field  are  widely  applied  in  physical 
experiments  and  technology.  The  generators  of  dense 
low-temperature  plasma  are  operating  on  this  base. 
In  plasmatron  the  cold  gas  flows  through  the  région 
of  the  steady-state  buming  discharge.  Passing  the 
discharge  région  gas  flows  out  as  a  continuous  plasma 


jet  usually  at  normal  pressure  conditions.  Now  the 
e.m.  fields  of  three  frequency  ranges  (static,  r-f  and 
microwave)  are  used  in  industnal  plasmatrons.  There 
are  arc,  inductive  and  microwave  plasmatron,  respec- 
tively. 

In  1970  the  possibility  of  steady-state  plasma 
maintenance  by  light  radiation  of  continuously  operat- 
ing laser  was  grounded  theoretically  as  well  as  the 
possibility  of  optical  plasmatron  création  [7].  In  the 
same  year  continuous  optical  discharge  (as  it  was 
called)  was  obtained  experimentally  by  means  of 
.continuously  operating  C02-laser  [8]. 

It  does  not  differ  from  steady  state  equilibrium 
discharges  in  other  fields.  Plasma  energy  losses 
because  of  heat  conductivity  and  thermal  radiation 
are  balanced  by  light  wave  energy  absorption.  Plasma 
achieves  such  a  température  (it  détermines  the  light 
absorption  coefficient)  in  order  to  compensate  exactly 
energy  input  and  energy  losses  and  secondly  to 
stabilisate  stationary  plasma  state. 

PJasma  maintenance  by  laser  radiation  has  its  own 
peculiarities  connected  with  the  properties  of  opical 
frequency  range  of  e.m.  field.  The  main  feature  is 
the  possibility  of  distant  energy  transfer.  To  transfer 
energy  in  any  other  field  one  requires  some  construc- 
tive  éléments  :  électrodes  in  arc  discharge,  solenoids 
—  in  r-f  field,  waveguide  —  in  microwave  but  one 
can  transfer  laser  beam  to  plasma  directly  through 
air.  This  makes  possibly  to  initiate  an  optical  dis- 
charge at  unreachable  places,  in  the  free  air.  One 
can  make  plasma  to  move  in  space  by  moving  light 
beam.  It  is  possible  to  obtain  optical  plasmatron  by 
gas  flow  through  discharge. 

In  practice,  one  can  obtain  continuous  optical 
discharge  focusing  laser  beam  by  lens  or  mirror. 
Plasma  is  produced  in  the  focal  région  where  light 
intensity  is  high.  It  moves  to  radiations  source  up 
to  light  cone  section  where  light  intensity  is  high 
enough  to  maintain  gas  discharge  (Fig.  4). 


Fig.  4.  —  Sketch  of  experiment  on  continuous  optical  discharge. 


In  order  to  ignite  discharge,  it  is  necessary  to 
create  the  initial  plasma  at  the  focal  région  by  any 
manner.  It  is  convenient  by  example,  to  put  here 
the  pièce  of  metallic  wire  in  short  time. 

The  main  problem  of  equilibrium  discharge  theory 
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is  to  détermine  plasma  température  as  a  function  of 
applied  field  parameters.  Generally  the  problem  is 
solved  on  the  base  of  équation  set  describing  plasma- 
field  energy  balance.  Let  us  consider  a  simple  model. 
We  shall  simulate  a  focused  laser  beam  by  means 
of  spherically  convergent  radiation  flux  with  power 
Fq.  a  fraction  of  radiation  power  is  absorbed 
by  plasma  generated  m  central  région.  Plasma  tem- 
pérature T(r)  decreases  monotonically  from  its  maxi- 
mal value  in  the  centre  and  this  value  7\  =  7  (0) 
is  plasma  température  characteristics.  We  neglect 
energy  losses  due  to  thermal  radiation.  Energy  flux 
due  to  beat  conductivity  can  be  written  in  the  fol- 
lowing  form 


corresponds  to  almost  full  single  ionization  of  atoms. 
Whcn  icmpcraluie  incrcascs  farthcr  loni/alion  dcgice 
changes  slowly  till  the  second  ionization  begins, 
électron  and  ion  density  being  decreased  because  of 
p  ^  ni  =  constant  . 

As  a  resuit  the  coefficient  n,,  ~  «,  «,  ~  falls.  The 
dependence  0{J)  grows  monotonically  therefore  Pq 
as  a  function  of  1\  possesses  a  minimum  (see  Fig.  5). 
Minimum  /'omin  =  P,  'S  in  a  région  of  maximum 
of  fiJT),  that  is  at  température  which  corresponds 
to  almost  full  single  ionization  of  atoms. 


A  d7/dr  = 


•  dO/dr 


ÀdT  (2) 


where  À  beat  conductivity,  and  0  beat  flux  potential. 

The  coefficient  of  light  absorption  by  plasma  n,, 
dépends  sharply  on  température  through  such  kind 
dependence  of  gas  ionization  degree.  Introduce  some 
ionization  température  m  such  a  way  that  for 
températures  less  than  this  value  ionization  is  so 
weak  that  one  can  neglect  light  absorption.  Let 
—  is  a  radius  of  a  sphère  where  T  =  Tq.  Outside 
the  absorbing  sphère  the  whole  beat  flux  through 
sphère  surface  does  not  dépend  on  radius  : 

J  =  Pi  =  constant . 
This  gives  0{r)  =  PJ4nr  and 

P,  -  4nro0o,    0^  =  0{1  o)  ■  0) 

One  can  approximately  write  the  following  expres- 
sion for  energy  balance  inside  of  absorbing  sphère 

P,  *  4  nrl  AU/ro  =  4  nr^  AO  ,    AO  =  0,  -  Oo  (4) 

where  AU  —  the  diff"erence  of  beat  flux  potential 
between  centre  of  sphère  and  plasma  boundary  and 

It  follows  from  the  relations  (3)  and  (4),  that 


AU  K  Uo  ' 


(5) 


Usually  optical  thickness  of  plasma  is  small.  In 
this  case  the  light  absorption  is  not  full  and  the 
absorbed  energy  is  of  order  of  ^  P o,  where 
absorption  coefficient  corresponds  to  characteristic 
plasma  température  T\.  Combining  this  relation 
with  (4)  and  (5)  we  find  the  relation  between  plasma 
température       and  incident  radiation  power  Fo 


2nUa,) 


At  constant  pressure  the  function  ^iJT)  grows 
very  sharply,  then  begins  to  fall.  Maximum  nJT) 


Fig.  5.  —  Laser  power  as  functu 
continuous  optical  discharge. 


1  of  plasma  température  in 


(6) 


There  is  no  steady-state  régime  at  powers  <  Pf 
The  value  is  a  minimal  threshold  power  at  which 
continuous  optical  discharge  is  possible.  The  higher 
is  gas  pressure  the  lower  is  threshold  power,  because 
at  high  pressures  light  absorption  coefficient  is 
more.  The  threshold  is  lower  when  gas  bave  bad 
beat  conductivity  also. 

The  first  experiments  on  continuous  optical  dis- 
charge were  made  in  weakly  heat-conductive  gas, 
xénon,  at  pressures  of  a  few  atmosphères.  Low- 
power  COj-laser  was  required,  only  150  W.  In 
further  experiments  plasma  was  produced  by  means 
of  more  powerful  lasers  in  many  gases  and  at  atmo- 
spheric  pressure.  In  order  to  maintain  discharge  in 
atmospheric  air  the  minimal  radiation  power  of 
C02-laser  is  required,  F,  ^  2.2  kW.  Plasma  tempe- 
rature  is  1\  =  7,-18  000  K,  U,  ^  0.3  kW/cm, 

//,,(/,)  ^  t',,s>  cm  ' 
Plasma  radius     is  of  order  ol  1  mm  but  to  estimate 
this  one  need  more  detailed  considérations  [2]. 
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When  laser  power  increases  plasma  température 
grows  slowly,  but  the  région  occupied  by  plasma 
grows  more  rapidly.  This  process  corresponds  to  the 
right  branch  of  curve  Po{l\)  (see  Fig.  5).  The  left 
branch  at  which  T  <  T,,  corresponds  to  unstable 
States.  Actually  if  plasma  température  randomly 
rises  one  need  lower  power  to  maintam  plasma.  The 
heatmg  begms  and  représentative  pomt  of  gas  state 
travels  to  the  right  branch,  to  the  température  point 
corresponding  to  the  same  power.  The  situation  of 
optical  discharge  does  not  diflfer  from  the  situations  ^ 
in  other  equilibnum  discharges  [2]. 

A  continuons  optical  discharge  in  atmospheric  air 
was  investigated  by  means  of  5-6  kW  COz-lasers  [9,10] 
and  expérimental  results  confirmed  the  above  given 
estimation  of  threshold  power.  Expérimental  threshold 
value  is  equal  to  2  kW.  The  measured  spatial  distri- 
butions of  température  and  power  absorption  coeffi- 
cients are  shown  at  figures  6,  7.  Maximal  measured 
parameters  T  =  15  000  K,  jU„  =  0.7  cm"  '  also  are  in 
agreement  with  above  given  estimation.  As  it  was 
measured  [10],  plasma  température  in  centre  of  air 
discharge  was  equal  to  7  !^  17  000  K  plasma  tem- 
pérature in  argon  discharge  was  equal  to  23  000  K 
at  /?  =  2  atm  [11].  This  heated  plasma  may  be  consi- 
dered  as  a  very  high  brightness  light  source  of  conti- 
nuous  action  and  this  gives  great  possibihties  for  dif- 
férent applications. 

The  température  in  an  optical  discharge  plasma  is 
much  higher  than  in  other  equilibnum  discharges 
where  it  does  not  exceed  10  000  K.  The  reason  is 
that  in  the  low  frequency  région  plasma  absorbs 
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Fig.  6.  -  Spatial  distnbulion  of  elcclr 
nuous  optical  discharge.  Incident  CO^-li 
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Fig.  7.  —  Spatial  distribution  of  absorption  coefficient.  Incident 
COj-laser  power  3.5  kW. 


field  eneigy  even  at  weak  ionization.  Electromagnetic 
field  cannot  penetrate  into  highly  ionized  gas  and 
this  is  because  the  condition  for  energy  release  becomes 
worse  and  plasma  température  cannot  rise  highly. 

In  optical  frequency  range  plasma  absorbs  weakly 
because  of  high  field  frequency  (n^,  ~  a)~^).  The  best 
field  dissipation  occurs  in  fully  single  ionized  plasma 
and  this  is  why  gas  is  so  heated.  The  unique  optical 
discharge  property  —  extremely  high  plasma  tempe- 
rature. 

At  high  pressures  of  order  of  10  atm  and  higher 
the  energy  losses  because  of  thermal  radiation  exceed 
the  heat  conductivity  losses.  As  in  the  case  of  high 
pressure  arcs,  in  optical  discharge  there  is  an  effective 
conversion  of  laser  radiation  energy  into  the  energy 
of  thermal  radiation  of  rather  high  température  [12]. 

A  continuons  optical  discharge  was  obtained  expe- 
rimentally  in  argon  jet  at  atmospheric  pressure  [13] 
and  it  can  be  considered  as  optical  plasmatron.  A 
continuons  optical  discharge  is  sometimes  generated 
at  irradiation  of  métal  surfaces  by  rather  intense 
COj-laser  radiation.  Plasma  is  produced  in  air,  in 
front  of  the  surface.  The  surface  absorbs  a  noticeable 
part  of  incident  radiation,  and  as  a  resuit  the  surface 
is  shielded  from  radiation.  It  makes  the  difficulties 
in  the  surface  treatment  by  laser  radiation. 


5.  Optical  discharge  propagation.  —  In  any  fre- 
quency région  the  discharges  exhibit  a  tendency  to 
propagate.  Always  there  are  mechanisms  of  energy 
transfer  from  discharge  plasma  to  the  surrounding 
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layers  of  cold  gas.  This  makes  a  contribution  into 
ionization.  If  just  ionized  layer  is  in  external  field, 
field  energy  dissipation  begins.  The  layer  is  captured 
by  discharge.  The  same  situation  is  repeated  the  next 
layer  and  so  on.  Discharge  boundary  propagates 
through  gas.  The  discharge  is  a  static  one  if  the  walls 
enclosing  the  discharge  volume  prevent  to  its  pro- 
pagation or  field  intensity  outside  the  discharge  is  not 
high  enough  to  maintain  plasma. 

Différent  mechanisms  are  possible  to  transfer 
energy  and  ionization  from  discharge  plasma  to 
neighbour  cold  layers,  namely,  by  shock  waves,  heat 
conductivity,  thermal  radiation.  Résonance  radiation 
diffusion,  électron  diffusion,  also  contribute  mto 
ionization  process.  As  an  example  of  discharge  pro- 
pagation one  can  consider  a  process  in  plasmatron, 
but  in  this  case  one  observes  reversed  picture  of 
propagation.  The  cold  gas  flows  through  non-moving 
discharge  and  is  ionized.  In  the  coordinate  system 
connected  with  cold  gas  flow  the  discharge  boundary 
is  propagated  through  gas.  The  usual  mechanism  of 
propagation  in  plasmatron  is  the  heat  conductivity 
accompanied  by  thermal  ionization  of  cold  gas. 

Plasma  motion  in  the  laser  radiation  field  belongs 
to  the  phenomena  of  discharge  propagation.  It  was 
discovered  soon  after  the  laser  spark  observation. 
Plasma  boundary  of  optical  discharge  travels  to  the 
source  of  incident  laser  beam  from  focal  point  with 
the  velocity  of  order  of  100  km/s.  In  this  case  the 


mechanism  of  plasma  propagation  is  a  shock  wave. 
This  effect  is  similar  to  the  explosive  détonation  and 
is  treated  as  a  lighl  détonation.  This  phenomenon  was 
widely  investigated  both  theoretically  and  experi- 
mentally  (see  [2]).  It  is  interesting  to  note  that  dis- 
charge propagation  by  shock  wave  was  observed 
only  for  optical  fréquences,  after  gas  breakdown  by 
giant  puises  of  laser  radiation.  Probably  the  similar 
process  is  not  possible  in  other  fields  at  ail,  because 
very  high  intense  fields  are  necessary  for  détonation, 
and  in  any  other  fields  the  breakdown  occurs  earlier 
than  détonation  wave. 

There  were  many  investigations  of  the  other  effect  — 
optical  discharge  propagation  by  means  of  heat  con- 
ductivity. This  process  has  much  in  common  with 
déflagration. 

Plasma  front  moves  to  meet  a  laser  beam  and  its 
velocity  is  of  order  of  1-10  m/s.  Usually  discharge 
propagates  through  plasma  by  means  of  heat  conduc- 
tivity, energy  transfer  by  thermal  radiation  may  be 
also  of  importance  in  propagation  processes.  In  expe- 
riments  one  observes  sometimes  that  propagation 
velocity  is  a  sum  of  plasma  front  velocity  relatively 
the  gas  and  of  gas  velocity.  Plasma  expands  and 
pushes  cold  gas  —  discharge  front  propagates  in 
moving  gas.  One  can  find  the  more  detailed  consi- 
dération of  light  déflagration  in  [2].  One  can  also 
mention  more  récent  papers  [13-15]. 
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Plasma  properties  and  atomic  processes  at  médium  and  high  pressures 

H.  W.  Drawin 

Association  EURATOM-CEA  sur  la  Fusion,  Département  de  Physique  du  Plasma  et  de  la  Fusion  Contrôlée, 
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Résumé.  —  Quand  l'état  du  plasma  s'écarte  de  l'équilibre  thermodynamique  local  (E.T.L.),  les  relations  d'équi- 
libre ne  sont  plus  valables.  Les  propriétés  thermodynamiques  doivent  alors  être  décrites  sur  la  base  de  modèles 
dans  lesquels  les  propriétés  atomiques  individuelles  et  les  réactions  élémentaires  interviennent.  Dans  la  première 
partie  du  texte  on  donne  une  description  schématique  des  plasmas  soumis  à  une  injection  et  des  pertes  d'énergie 
et  qui  subissent  en  plus  des  contraintes  externes  sous  forme  des  conditions  initiales  et  de  limite.  Les  équations  de 
bilan  pour  la  densité  des  particules,  la  quantité  de  mouvement  et  l'énergie  de  systèmes  ouverts  sont  résumées  en 
incluant  des  réactions  nucléaires.  La  seconde  partie  résume  les  progrès  qui  ont  été  faits  dans  la  compréhension  des 
propriétés  de  quelques  types-de  plasmas  en  dehors  de  l'E.T.L.  On  traite,  sur  la  base  des  équations  de  bilan,  plus 
particulièrement  la  décharge  luminescente  sous  ses  différentes  formes,  les  plasmas  d'ions  négatifs  (avec  appli- 
cation à  la  physique  des  interrupteurs  (SFg)  des  circuits  électriques),  la  mesure  du  coefficient  colhsionnel-radiatif 
de  recombinaison  électrons-ions  et  les  plasmas  dans  les  machines  du  type  Tokamak. 

Abstract.  —  When  the  state  of  a  plasma  déviâtes  from  local  thermodynamic  equilibrium  (L.T.E.)  the  equilibrium 
relations  cannot  be  applied.  The  thermodynamic  properties  must  then  be  described  on  the  basis  of  models  m 
which  the  individual  atomic  properties  and  elementary  reactions  intervene.  The  fîrst  part  of  the  paper  gives  a 
schematic  description  of  a  plasma  suffering  power  input,  power  losses  and  external  constraints  in  the  form  of 
initial  and  boundary  conditions.  The  rate  équations  for  particle  density,  momentum  and  energy  of  open  Systems 
are  summarized,  including  nuclear  reactions.  The  second  part  gives  a  review  of  the  progress  made  in  understanding 
the  properties  of  spécial  types  of  non-L.T.E.  plasmas  such  as  glow  discharge  plasmas,  négative  ion  plasmas  (with 
application  to  the  physics  of  SF^  circuit-breakers)  and  Tokamak  plasmas  on  the  basis  of  thèse  rate  équations. 


1 .  Introduction.  —  We  know  that  an  ionised  gas 
enclosed  in  a  box  with  perfectly  reflecting  walls  at 
plasma  température  T  can  at  ail  températures  T  and 
pressures  p  thermodynamically  be  described  by  the 
classical  equilibrium  relations  for  idéal  gases  (Maxwell- 
Boltzmann  distribution,  Planck's  law,  mass  action 
law  m  form  of  the  Waage-Guldberg  and  Saha-Eggert 
relations,  ...).  In  such  a  closed  system,  energy  and 
entropy  are  state  functions,  the  entropy  has  a 
maximum  value. 

Under  real  conditions,  plasmas  are  never  enclosed 
in  a  black-body  box  with  the  wall  température  equal 
to  the  plasma  température  T.  They  rather  show  more 
or  less  strong  température  and  density  gradients 
leading  to  particle,  momentum,  energy  and  entropy 
fluxes  between  différent  spatial  régions.  Photons 
have  the  largest  mean  free  path  and  therefore  trans- 
port momentum,  energy  and  entropy  over  much 
larger  distances  than  material  particles.  Very  often 
the  reabsorption  in  laboratory  plasmas  is  so  weak 
that  most  of  the  pholon  energy  can  freely  escape. 
Thermodynamically  speaking,  under  actual  condi- 
tions plasmas  represent  open  system  which  are 
generally  far  from  complète  thermodynamic  equilibrium 
and  which  may  even  be  far  from  local  thermodynamic 
equilibrium  (L.T.E.).  Plasmas  not  obeying  the  clas- 
sical thermodynamic  equilibrium  relations  are  termed 
non-L.T.E.  plasmas. 


From  a  gênerai  point  of  view,  a  realistic  model  for 
a  non-L.T.E.  plasma,  which  applies  to  both  laboratory 
and  astrophysical  situations,  is  shown  in  figure  1.  In 
order  to  maintain  some  spatial  région  S  in  an  ionised 
state,  energy  must  be  fed  into  S.  This  energy  may 
come  from  an  external  source  (e.g.  the  electrical 
power  supply  G,  a  photon  (/îv  +  )  or  particle  (p)  flux) 
or.it  may  be  produced  by  the  plasma  itself  (chemical 
or  nuclear  reactions).  In  the  most  gênerai  case  we 
have  also  to  admit  electric  (8)  and  magnetic  (B)  fields. 
The  stationary  state  in  mechanical  equilibrium  is 
characterized  by  a  dynamic  equilibrium  between  ail 
particle,  momentum  and  energy  fluxes.  For  instance, 
the  ambipolar  diffusion  flux  must  be  compensated 
by  an  équivalent  neutral  particle  flux  in  opposite 
direction  in  order  to  obtain  a  stationary  density 
distribution. 

In  the  non-stationary  state  thèse  quantifies  show  a 
transient  behavior.  In  both  cases  boundary  condi- 
tions have  an  important  influence  on  the  plasma 
state.  The  external  electric  components  (/?,  L,  G) 
which  close  the  electric  current  loop  are  part  of  the 
electrical  boundary  conditions  (which  may  be  time- 
dependent);  but  under  spécial  (especially  astrophy- 
sical) conditions  they  appear  sometimes  not  to  be 
well-separated  from  the  plasma  proper  which  is 
investigated. 

This  paper  reviews  some  aspects  of  the  progress 


H.  W.  DRAWIN 


P 


Fig.  1.  —  Schematic  représentation  of  a  plasma  suffering  power 
input,  power  losses  and  constraints  in  the  form  of  initial  and  boun- 
dary  conditions.  For  further  détails  see  text. 


made  during  the  last  years  in  describing  non-equili- 
brium  effects  in  laboratory  plasmas  at  médium  and 
high  pressures.  The  terms  médium  and  high  pressures 
should  in  the  présent  context  only  be  considered  as 
an  indication  that  practically  at  ail  pressures  of 
interest  atomic  processes  in  the  widest  sensé  are 
necessary  in  order  to  describe  the  plasma  properties 
under  non-L.T.E.  conditions.  Thèse  processes  are 
essential  when  one  wants  to  understand  how  a  system 
evolves  towards  equilibrium.  Non-ideal  plasmas  will 
not  be  treated  here.  (Concerning  the  définition  and 
gênerai  properties  of  non-ideal  plasmas  the  reader 
is  referred  to  [1-4].)  Also  wave  phenomena  such  as 
ionisation  and  chemical  waves  will  be  excluded  from 
our  considérations. 


2.  The  basic  équations.  —  Before  discussing  parti- 
cular  expérimental  situations  and  results  it  might  be 
useful  to  summarize  the  basic  équations  by  which 
plasmas  can  consistently  be  described.  We  shall 
adopt  a  more  gênerai  point  of  view  as  is  usually 
donc,  in  agreement  with  the  introductory  remark 
that  plasmas  represent  open  Systems,  i.e.  that  they 
exchange  particles,  momentum  and  energy  with  the 


external  world.  Our  starting  point  is  the  kinetic 
collision  (Boltzmann)  équation 

5'     "^-.^  ^""'L^'W 

and  its  various  velocity  moments,  /^(r,  w,0  is  the 
velocity  distribution  function  of  particles  of  species 
s  =  s{z,  k,  i)  as  a  function  of  space  point  r,  velocity  w 
in  the  laboratory  system  and  time  t.  ^  =  1,  2,  3  repre- 
sents  the  three  coordinate  directions,  m^  is  the  par- 
ticle  mass  and  F^  p  represents  the  (external)  forces  F 
exerted  on  s  in  the  direction  ji  (e.g.  due  to  electric  or 
magnetic  fields).  s  stands  for  électrons  or  z-times 
lOiiised  chemical  species  k  in  quantum  state  |  /  >. 
The  right-hand  side  of  eq.  (1)  is  the  rate  of  change 
of/,  due  to  collision  and  radiation  processes.  Inté- 
gration of  /,  ovef  w  yields  the  particle  density  of 
species  s  ; 

J|j/Xr,  w,  /)  dH-,  éw^  ûw,  =  nXr,  t)  .  (2) 

Instead  of  w  we  can  consider  /,  as  a  function  of 
the  momentum  h'  =  p  of  a  particle  :  /  =  /(r.  p.  t). 
The  eq.  (1)  can  then  also  be  written  as 

|^  +  w,.VJ,  +  F,.V,/,  =  |^-|^|^^^  .  (3) 

In  this  form  the  kinetic  collision  équation  is  also 
applicable  to  photons  (massless  particles)  :  the  velocity 
and  momentum  of  a  photon  of  frequency  v  traveling 
in  the  direction  of  unit  vector  u  are  (c  is  the  velocity 
of  light,  h  is  Planck's  constant)  : 

Ws  =  Wv  =  u<^'  (4) 
p,  =  p,  =  nhvic  .  (5) 

For  photons,  F,  =  F,,  is  in  nearly  ail  cases  negligible. 
Thus,  eq.  (3)  reduces  to 

+  cu.V,/,(u)  =  (6) 

which  represents  the  time-dependent  radiative  trans- 
port équation,  /.(u)  dv  is  the  number  of  photons  with 
frequencies  betwecn  v  and  v  -I-  dv  traveling  in  the 
direction  u.  The  spécifie  intensity  /Ju)  and  /(u)  are 
linked  through  the  relation 

A,(u)dv  =  ^/,(u)dv.  (7) 

Integrating  eq.  (1)  or  eq.  (3)  over  w  yields  the  rate 
équation  for  the  macroscopic  quantity  n^r,  t)  : 

^  +  V,.(„.<„.>,  =  [^|_^  (8) 
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where  <  w,  >  is  the  mean  species  velocity  in  Ihe  labo- 
ratory  System.  We  introducc  the  mean  mass  velocity  Vq 
of  the  plasma  as  a  wholc  and  the  species  pcculiar  (VJ 
and  mean  diffusion  velocity  «      »  by 

=  v„  +  V,  ;       <  w,  >  =  vo  +  <  V,  >  .  (9) 

In  a  coordinate  system  at  rest  with  respect  to  the  total 
plasma  motion  of  velocity  Vo  we  thus  have 

^  +  v..K<v..»  =  [|^j^^^^  (10) 

rad. 

n,  <  V,  >  can  be  expressed  by  the  phenomenologicai 
relation  (q,  =  is  the  species  electric  charge) 

-  ^,  D,:V,«,  -  ^,e,;V,7  (11) 

where  E°  and  E  are  the  de  and  ac  electric  fields.  Further 
a^'  and  &"  are  the  corresponding  electrical  conducti- 
vities,  D,  and  9,  represent  the  particle  diffusion  and 
thermal  diffusion  coefficients  respectively.  In  the 
most  gênerai  case  they  represent  tensors.  Eq.  (10) 
is  the  diffusion  équation  and  will  be  discussed  in 
connection  with  the  glow  discharge  problem.  The 
crucial  point  is  to  express  the  right-hand  side  and 
<  >  as  a  function  of  the  atomic  and  nuclear  reaction 
processes. 

Summation  over  5  of  ail  eq.  (10)  yields  the  foUowing 
rate  équation  for  the  total  particle  density  «  = 

|..IV,.,,<V.»=[i^L,  02) 

rad. 

The  right-hand  side  is  not  necessarily  zéro.  For  an 
isolated  system  one  has 

(13) 

where  the  first  term  on  the  r-h-s  accounts  for  the  créa- 
tion and  destruction  of  électrons  due  to  collisional- 
radiative  processes,  the  second  one  takes  into  account 
the  collisional-radiative  formation  and  destruction 
of  molécules,  and  the  last  one  nuclear  transforma- 
tions (e.g.  D  +  T  ^  He  +  «,  see  eq.  (86)).  Only  in 
completely  dissociated  and  ionised  gases  will  the 
first  two  terms  be  zéro. 

The  form  of  eq.  (12)  is  sufficiently  gênerai  to  include 
open  Systems,  i.e.  where  a  plasma  is  submitted  to  a 
beam  of  particles  or  photons.  Also  nuclear  reactions 
can  be  taken  into  account  by  the  term  on  the  right- 
hand  side. 

The  rate  équation  for  the  total  mass  density 
p  =  ^     m,  is  given  by 
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For  an  isolated  system,  the  right-hand  side  is  zéro, 
since  collisions  alone  cannot  change  the  total  density. 
Eq.  (13)  has  then  the  form  of  a  conservation  équation. 
When  the  plasma  is  submitted  to  a  stream  of  particles 
(e.g.  neutral  particle  injection)  or  when  nuclear 
reactions  take  place  the  right-hand  side  is  différent 
from  zéro  (e.g.  in  reaction  (86)  one  loses  the  neutron 
and  mass  which  is  transformed  into  kinetic  energy). 

Multiplication  of  eq.  (1)  by  m,  w  or  m,  ww  and 
intégration  over  w  yields  respectively  the  rate  équa- 
tions for  the  momentum  density  and  the  pressure 
tensor  P,  =  n,m,(  w,  w,  >  of  species  s.  The  équation 
for  the  momentum  density  is  : 

^  («.  m,  <  w,  »  +  V,.(«.s-  "î-v  <  w,  w,  »  -     F,  = 

=  |^|„^^Xw.>j      .  (15) 

rad. 

Summing  over  ail  species  s  and  substituting  w,  by 
eq.  (9)  yields  the  rate  équation  for  the  momentum 
density  for  the  whole  plasma  as  a  function  of  Vq. 
Taking  eq.  (8)  into  account  finally  yields 

rad. 

(16) 

where  P  =  is  the  total  pressure  tensor.  The 

right-hand  side  is  generally  zéro,  since  collisions 
between  plasma  particles  alone  cannot  change  Vq. 
Under  spécial  conditions  however,  it  can  be  différent 
from  zéro.  This  is  for  instance  the  case  when  a  plasma 
is  submitted  to  a  spatially  anisotropic  beam  of  ener- 
getic  particles  or  photons.  (The  observed  rotation  of  a 
Tokamak  plasma  when  it  is  submitted  to  tangential 
neutral  particle  injection  belongs  to  such  a  case.) 
When  the  right-hand  side  of  eq.  (16)  is  put  equal  to 
zéro,  a  corresponding  contribution  must  formally 
be  taken  into  account  on  the  left-hand  side. 
The  rate  équation  for  the  pressure  tensor  is 

^  («,  m,  <  w,  w,  »  +  V,.(«,  m,  <  w,  w,  w,  »  - 

-  2«,F,  <w,  >  =  |^^n.  "î.  <w,w,  >J      .  (17) 

Dividing  this  équation  by  two  and  taking  the  trace 
yields  the  rate  équation  for  the  kinetic  energy  density 
(1/2)  m,  <  >.  Eq.  (17)  does  not  contain  the 
internai  energy  (excitation,  dissociation,  ionisation 
énergies).  The  rate  équation  for  the  internai  energy 
density  of  species  s  is 

rad. 

(18) 

El"'  is  the  internai  energy  per  particle  of  species  s. 


C7-152 


H.  W.  DRAWIN 


Summing  up  the  eqs.  (17)  and  (18)  over  ail  s  yields 
the  rate  équation  for  the  energy  density  of  the  plasma 
as  a  whole.  One  can  now  express  ail  coUisional- 
radiative  terms  as  a  function  of  rate  coefficients  and 
particle  densities.  When  one  takes  still  into  account 
the  eqs.  (9)  and  (12)  one  finally  obtains  the  following 
rate  équation  for  the  thermal  plus  internai  energy 
density 

^{U'"  +  f/'"')  +  V.(t/"'  +  t/'"')Vo  + 
ot 

+  t/'^  V.vo  +  V.Q'"*'"  +  R  =  à  +  J  +  N  (19) 
where 

i7<h  =  I     ArTh  +  |     kT^    (total  thermal 

energy  density) , 
C/'"'  =  X  "s  -^s'"'    (total  internai  energy  density) , 
Qtotai  ^  Qth  ^  Qint    (^Q^^j  j^g^j  j^^^  vector)  , 

—  ohmic  (electric)  power  input, 
/     power  input  by  particle  injection, 
N  =  nuclear  power  heating  rate, 
R  =  radiative  loss  rate. 

R  contains  contributions  from  free-free  (/-/),  free- 
bound  if-b),  bound-bound  (b-b),  dielectronic  (di) 
and  cyclotron  (c)  radiation  : 

R  =  R^^  +  R^''  +  R""  +  R''  +  R' .  (20) 

It  should  be  mentioned  that  the  radiative  transfer 
eq.  (6)  intervenes  in  the  calculation  of  R  and  that  Q,  I 
and  N  contain  contributions  which  are  différent  for 
the  électrons  {e)  and  heavy  particles  (/?).  For  instance, 
the  3.5  MeV  a-particles  created  in  a  thermonuclear 
D-T  plasma  will  preferentially  heat  the  électrons. 
The  ions  will  directly  gain  energy  from  the  -/-particles 
when  most  of  their  energy  has  been  slown  down 
already.  Détails  of  this  slowing-down  process  are 
described  by  eq.  (1)  in  form  of  the  Fokker-Planck 
équation. 

The  eqs.  (19)-(20)  will  be  discussed  in  connection 
with  the  energy  loss  of  Tokamak  plasmas. 

In  order  to  describe  a  plasma  completely  one  has 
still  to  add  the  Maxwell  équations,  the  charge  neutra- 
lity  condition  and  the  initial  and  boundary  conditions. 

In  the  following  we  will  successively  treat  the  glow 
discharge  plasma  in  molecular  and  atomic  gases, 
the  so-called  constriction  phenomenon,  the  recombi- 
nation  of  SFf,  plasmas  in  electric  circuit  breakers  and 
the  problem  of  measuring  collisional-radiative  recom- 
bination  coefficients  in  gênerai,  the  dynamics  of 
hydrogen,  hélium,  oxygen  and  the  problem  of  radia- 
tion losses  in  Tokamak  plasmas.  The  latter  ones 
must  already  now  be  considered  as  high-pressurc  plas- 
mas although  their  density  is  still  relatively  low.  Fast 
transient  phenomena  as  they  are  encountered  in  laser 
beam-plasma  interaction  will  only  be  discussed  in  con- 
nection with  the  détermination  of  rate  coefficients 


from  laser  beam-induced  fluorescence  measurements 
of  a  stationary  plasma. 

3.  The  glow  discharge  plasma.  —  The  plasma  of  a 
glow  discharge  is  very  far  from  L.T.E.  Although  the 
macroscopic  properties  such  as  the  dependence  of  the 
mean  électron  température  and  mean  électron 
density  on  the  gas  pressure  p,  and  the  dependence 
of  the  electric  field  strength  8  on  the  electric  current  / 
are  in  principal  well  known,  finer  détails  of  thèse 
dependences  related  to  atomic  and  molecular  pro- 
cesses have  still  to  be  discovered.  Especially  a  number 
of  atomic  and  molecular  processes  in  thèse  discharges 
and  their  influence  on  the  thermodynamic  properties 
and  the  space-dependent  values  of  T^,  and  /  are 
still  not  well  understood.  In  particular,  one  has  not 
yet  a  satisfactory  explanation  of  the  so-called  cons- 
triction phenomenon. 

3 . 1  The  glow  discharge  ;  basic  considérations. 
—  To  begin  with,  let  us  briefly  recall  the  basic  theore- 
tical  assumptions  and  results  for  the  positive  column 
of  a  glow  discharge  (for  the  détails  see  [5-8])  in  the 
frame  of  the  Schottky  theory  : 

—  the  plasma  is  quasi-neutral,  i.e.  ^  «  +  , 
I  n+  -  «J  <^  n^; 

—  the  électron  température  is  constant  across 
the  discharge  ; 

—  the  électron  velocity  distribution  is  maxwellian  ; 

—  the  électron  mobility  is  given  by  Langevin's 
équation  ; 

—  the  ion-electron  production  rate  is  proportional 
to  «g  ; 

—  the  gas  température  is  constant  across  the 
discharge  and  can  be  considered  as  a  given  quantity. 

Simple  considérations  about  the  particle  and  energy 
balance  lead  to  relations  for  T^,  the  électron  density 
and  the  electric  strength  8  as  a  function  of  given 
external  parameters  such  as  gas  pressure  p,  radius  R 
of  the  discharge  tube,  the  electric  (or  plasma)  current  I 
and  the  kind  of  gas  employed. 

The  balance  équations  for  the  électron  and  ion 
densities,      and    +  .  arc  (see  eq.  (10))  : 

rad. 
rad. 

where  the  right-hand  sides  represent  the  collisional- 
radiative  source  terms  (sum  of  ionisation  and  recom- 
bination  rates).  <  >  and  <  V+ >  are  the  mean 
difi"usion  velocities  of  électrons  and  ions  respectively. 
For  a  cylindrical  plasma  column,  a  radial  electric 
fields  is  build  up  due  to  the  radially  diff"using  électrons 
and  ions.  This  field  causes  the  electron-ion  pairs  to 
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diffuse  with  the  same  rad.al  amb.polar  diffusion  Further,  can  be  expressed  in  terms  of  the  md,- 
veLcUy.  The  diffusion  flux  is  described  by  :  vidual  ion  diffusion  coefhcient  A  (see  e.g.  p.  143  of  [8] 

^  or  pp.  261-262  of  [9]) 

K<v.>],  =  [«.<v,>].=  -  A,V/.  ^ 

=  (22)  D^  =  D,(\+f)  (30) 


where  D„  is  the  ambipolar  diffusion  coefficient.  Fur- 
ther, the  right-hand  sides  of  eqs.  (21a),  i2\b)  are 
equal  because  of  charge  neutrality.  One  makes  now 
the  assumption  that  the  collisional-radiative  source 
term  is  proportional  to  : 


where  Tq  is  the  gas  température  (assumed  to  be  equal 
to  the  ion  température  T+).  For  D,  we  can  now  apply 
the  formula  for  the  binary  ion  (-^)-neutral  (0)  diffu- 
sion coefficient  (see  e.g.  pp.  484-486,  pp.  523-527  of 
[10],  p.  345  of  [1 1])  as  given  by  the  transport  theory  : 


(23) 


where  S  =  <  a;  i'  >  is  the  ionisation  coefficient  for 
electron-neutral  atom  (molécule)  collisions.  Owing 
to  the  eqs.  (22)-(23),  the  eqs.  (21«),  (21^)  can  be 
replaced  by  one  single  équation  : 


(24) 


_  1  1  p  nkToT^ 

^'  ~  T6  («+  +  «o)<<^>  +  oL  J 


(31) 


where  <  <t  >  +  o  is  some  average  effective  momentum 
transfer  cross-section  and  n  the  reduced  mass.  Since 
„^  «  «0  and  m+  =  mo  (and  thus  ^i  -  mJ2)  we 
have  : 


1 


"8  «0  <  <^  > 


+  0  L  '"o  J 


1  +  - 


For  a  stationary  cylindrical  plasma  column  one 
obtains  the  équation  : 


1   d  (  dn\  „  „ 


(25) 


Since  S  is  assumed  to  be  independent  of  (which 
implicitely  means  that  volume  recombination  is 
omitted),  the  solution  of  eq.  (25)  is  for  the  fundamental 
mode 

where  n^(0)  is  the  density  at  the  axis  (r  =  0).  For 
r(no  SjD^yi^  =  2.405  the  Bessel  function  is  zéro, 
7o  =  0,  "and  for  larger  values  of  («o  one 
would  get  négative  values.  This  would  have  no  physi- 
cal  meaning.  Thus,  by  assuming  that  the  électron 
density  is  practically  zéro  at  the  wall  at  r  =  7?,  one 
imposes  the  boundary  condition  : 


=  _LF„(r„  To,  kind  of  gas)  (32) 
"o 

where  F„  dépends  only  on  T,,  To  and  on  the  nature 
of  the  gas  through  the  cross  section  <  a  >  +  o  for  ion- 
neutral  collisions.  Substituting  in  eq.  (27)  S  and  D„ 
by  the  relations  (29)  and  (32)  respectively  and  express- 
ing «0  by  the  gas  pressure  p  =  n^kT^  yields  the 
following  similarity  law  for  the  électron  température 
of  the  positive  column  of  the  glow  discharge  : 

(33) 


(27) 


and  obtains  the  following  radial  density  distribution  : 


=         70  2.405- 


(28) 


The  boundary  condition  (27)  leads  to  the  similarity 
law  for  the  électron  température  7^  in  the  following 
way  :  S  is  only  a  function  of  I ,  and  the  kind  of  gas 
via  the  ionisation  cross-section  ;  hence  : 


:  5(7^,  kind  of  gas)  . 


(29) 


p^  ^  Fi{T„  To,  kind  of  gas) 

where  Fj  is  a  function  which  still  dépends  on  the  nature 
of  the  gas  through  the  electronic  ionisation  and  the 
ion-neutral  momentum  transfer  cross-sections.  Since 
one  does  generally  not  know  what  type  of  collisions 
(elastic  ion-neutral,  charge  exchange,  excitation  trans- 
fer, ...  collisions)  really  contribute  to  <  a  >  +  o 
which  proportions,  one  often  expresses  Z)„  in  eq.  (32) 
in  terms  of  independently  measured  ion  mobilities. 
An  analytical  expression  for  T,  is  obtained  when  a 
suitable  energy  dependence  of  <Ti  is  assumed.  One 
generally  takes  the  linear  dependence 
(Ti  =  a^{E  -  El) 

where  is  the  ionisation  energy  and  a  gas-depen- 
dent  constant. 

In  the  same  manner  one  can  obtain  similarity  laws 
for  the  electric  field  strength  g  and  the  électron  density 
«^(0)  on  the  axis  [5-8]  : 

!:  =  F^ip.R,  ro,kind  of  gas)  (34) 
P 

r2  „  (0)  =  iF^ip,  R,  r„,  kind  of  gas)  (35) 


C7-154 


H.  W.  DRAWIN 


where  the  functions  F2  and  F3  dépend  on  the  nature  of 
the  gas  through  elastic  and  inelastic  cross-sections  for 
collisions  between  électrons  and  neutrals  and  on 
the  ion-neutral  momentum  transfer  cross-sections. 

I  have  treated  the  Schottky  theory  of  the  coUision- 
dominated  glow  discharge  plasma  in  some  length 
in  order  to  show  how  many  assumptions  intervene 
in  the  dérivation  of  the  similarity  laws  and  how  they 
dépend  on  the  atomic  cross-sections.  It  is  évident 
that  for  instance  the  calculation  of  can  be  erro- 
neous  in  the  case  of  gas  mixtures  containing  consti- 
tuents  of  very  différent  ionisation  énergies  and  very 
différent  cross-sections  for  ion-neutral  collisions  which 
contribute  to  the  effective  <  >  +  o-  A  classical  example 
is  the  hélium  discharge  with  small  admixtures  of  neon. 
The  latter  increase  the  axial  field  strength  compared 
to  the  pure  hélium  discharge  [12].  Dote  and  Ka- 
neda  [13]  observed  by  means  of  a  double  probe  that 
also  increases.  The  effect  is  explained  as  being  due 
to  résonance  excitation  of  neon  by  hélium  metastable 
atoms.  This  shows  that  still  other  atomic  processes 
than  those  contained  in  the  simple  Schottky  theory 
intervene  and  that  the  omittance  of  both  stepwise 
excitation  foUowed  by  ionisation  and  volume  recom- 
bination  may  represent  a  severe  limitation  to  the 
applicability  of  the  theory.  Also  radiative  émission 
and  absorption  processes  have  to  be  taken  into 
account.  The  influence  of  the  ensemble  of  ail  collision 
and  radiation  processes  on  the  électron  production  rate 
can  be  expressed  in  terms  of  the  collisional-radiative 
coefficients  for  ionisation  S  and  recombination  a 
which  both  dépend  on  and  in  the  simplest  case. 
Replacing  in  eq.  (23)  the  collisional-radiative  source 
term  by  the  expression 

=  «,[«0  -      a(«„  rj]  (36) 

leads  to  a  non  linear  boundary-value  problem  which 
permits  a  formai  analytic  solution  [14-16],  see  also  [34]. 

In  eqs.  (24)  (36),  the  function  S  —  and  thus  , 
and  F3  —  dépends  strongly  on  the  exact  form  of  the 
velocity  distribution  function  /(£)  of  the  électrons 
which,  in  turn,  dépends  in  a  complicated  manner  on  ail 
elastic,  inelastic,  superelastic  and  radiative  processes. 
In  order  to  avoid  the  calculation  of  /  (£)  one  some- 
times  replaces  the  Maxwell  distribution  by  a  Druyves- 
teyn  distribution.  The  latter  is  obtained  from  the 
électron  energy  balance  équation  when  one  assumes 
that  the  energy  which  an  électron  gains  in  the  electric 
field  is  only  lost  through  elastic  collisions.  However, 
when  inelastic  collisions  (excitation,  ionisation)  are 
added  to  the  energy  balance  équation,  the  Druy^es- 
teyn  dependence  /(£)  x  E''^  exp(-  0.55(£/£)') 
changes  into  a  modified  Maxwell  distribution 

/(£)  oc        exp(-  EjË) . 


(For  the  détails  see  e.g.  pp.  54^-550  of  [6].)  For  the 
same  mean  translational  energy  F  the  two  distributions 
give  for  the  reaction  coefficients  values  which  can 
differ  by  several  orders  of  magnitude.  Under  real 
conditions,  j\E)  has  a  complicated  F  —  depen- 
dence which  li£s  in  gênerai  somewhere  _between  a 
exp(-  (£/£)')  and  E"^  e\p{- F/F)  depen- 
dence. The  détermination  of  the  mean  translational 
energy  £  (i.e.  of  kT\,)  of  the  électron  gas  by  means  of 
the  similarity  law  can  therefore  only  give  an  approxi- 
,mate  value,  it  is  not  a  précise  method. 

In  most  papers  /(£)  is  now  directly  calculated 
from  eq.  (1  ).  The  energy  dependence  of  such  calculated 
distribution  functions  dépends  on  the  mdividual 
processes  and  their  cross-sections.  It  should  be 
mentioned  that  most  of  the  published  results  are 
inconsistent  from  the  thermodynamic  point  of  view 
(although  they  often  reproduce  the  expérimental 
results  quite  well),  since  they  do  not  account  for 
superelastic  collisions.  It  might  be  that  inclusion 
of  thèse  processes  in  the  model  together  with  diffusion 
of  excited  species  will  bring  expérimental  and  theore- 
tical  results  in  better  agreement.  It  should  be  empha- 
sized  that  the  superelastic  collisions  play  a  dominant 
rôle  during  the  recombination  phase  and  in  situations 
where  strong  résonance  absorption  leads  to  high 
overpopulation  of  the  first  résonance  levels. 

Due  to  the  non  thermal  population  of  excited 
atomic  (ionic)  levels  it  is  difficult  to  obtain  reliable 
expérimental  7^-values  from  the  Boltzmann  ratio.  In 
gênerai  they  are  too  low.  A  better  method  is  to  déter- 
mine from  a  measurement  of  a  number  of  spectral 
line  intensities  without  using  individual  Boltzmann 
ratios.  This  method  applied  in  [17-18]  to  a  diffusion- 
dominated  plasma  column  makes  use  of  the  solutions 
for  the  excited  state  populations  of  an  appropnate 
collisional-radiative  model  and  their  comparison  with 
spectroscopically  determined  population  densities. 
It  gives  reliable  values  provided  the  atomic  quantities 
(such  as  transition  probabilities,  cross-sections,  line 
broadening  parameters,  ...)  are  known. 

Already  for  the  obviously  simplest  case,  namely 
a  glow  discharge  plasma  in  hydrogen  gas,  many  of 
the  relevant  cross-sections  for  collisions  between 
hydrogen  atoms  and  hydrogen  molécules  are  still 
unknown.  Therefore  a  sophisticated  model  which 
makes  use  of  the  collisional-radiative  model  will  not 
give  more  reliable  values  than  the  simple  Schottky 
theory  as  long  as  ail  collision  processus  are  not  well 
understood.  New  results,  which  have  led  to  a  better 
understanding  of  the  physical  processes  in  a  glow 
discharge  plasma  in  molecular  gases,  were  recently 
obtained  by  Dubreuil  and  Catherinot  [19]  who 
studied  the  reaction  kinetics  of  excited  hydrogen 
atoms  and  excited  hydrogen  molécules.  Since  their 
paper  touches  a  gênerai  aspect  common  to  ail  molecu- 
lar plasmas,  it  shall  be  discussed  in  some  détail. 

3.2  The  glow  discharge  in  hydrogen  gas.  — 
Dubreuil  and  Catherinot  [19]  studied  the  émission 
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ol  holh  the  atomic  and  molecular  species  ot'hydrogcn 
by  means  of  laser-induced  fluorescence.  The  discharge 
capiUary  had  a  diameter  of  2  /?  =  4  mm,  current  and 
pressure  were  varied  between  the  following  values  : 

5  ^  /(mA)  ^  40  ; 

0.1  ^  pHott)  ^  2  . 

For  each  value  of  /  and  p  the  mean  électron  density 
n  was  determmed  from  the  frequency  shift  of  the 
résonance  frequency  of  a  r.f.  cav.ty  contaimng  the 
discharge  capillary.  The  values  are  given  in  hgure  2. 
Also  are  shown  the  mean  7  ,  values  calculated  from 
the  similanty  law  (33)  with  two  différent  assumptions  ; 
either  pure      or  pure  H  gas.  Due  to  the  low  degree 


V3[107S-T 


p  [Torr] 


Fig.  2.  —  Mean  électron  température  T,  as  a  function  of  pressure/; 
for  a  glow  discharge  in  pure  or  pure  H  gas,  calculated  from 
the  similarity  law.  Also  are  shown  the  measured  mean  électron 
density  as  a  function  of  plasma  current  /  at  différent  pressures  p. 
/?is2mm,after[19]. 


of  dissociation  the  H2  curve  is  the  more  probable  one. 
One  further  sees  that  the  similanty  law  (35)  with 

oc  /  is  approximately  verified  in  the  range  of  pres- 
sures employed. 

By  pumping  successively  the  «  =  3,  4  and  5  states 
of  atomic  hydrogen  by  means  of  a  short  laser  puise 
(duration  ~  4  ns)  at  différent  values  of  /  and  p  and 
then  observing  the  intensity  decay  of  H,,  and  H, 
Unes,  the  effective  deexcitation  frequencies  Vj,  V4  and 
V5  could  be  determmed.  Results  are  shown  in  figure  3. 
v„(«  =  1,  2,  3)  increases  with  p.  One  would  also 
expect  an  mcrease  of  v„  with  /,  i.e.  an  increase  with 

;  however,  the  contrary  is  the  case.  The  measure- 
ments  can  be  described  by  the  following  linear  depen- 
dence  : 

v„ipJ)  =  A„  +  B„U)P  (37) 

A„  represents  the  effective  spontaneous  deexcitation 
frequency  of  level  with  principal  quantum  number  n  : 

A„^  Y.  A„„A„„  (38) 
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Fig  3.  _  Effective  de-excitation  frequency  v„  of  the  atomic  hydro- 
gen levels  «  =  3,  4  and  5  as  a  function  of  pressure  p  at  différent 
plasma  currents  /,  after  [19]. 

where  A„„  are  the  optical  escape  factors.  Extrapola- 
tion of  t"he  measured  curves  to  p  =  0  yields  A„  — 
values  consistent  with  the  assumptions  that  the  Lyoc 
and  LyP  Imes  are  completely  reabsorbed  and  that 
only  40%  of  the  Lyô  intensity  escapes  from  the 
plasma  ;  the  other  lines  being  optically  thin. 

For  v„  we  can  write  the  following  dependence 
(where  three-body  collisions  are  neglected  due  to  the 
relatively  low  pressures)  : 

v„{p,  1)  =  A„  +  «H  X  /^""'  +  "'1^  Ç  + 

+        I  ^nn'  (39) 


where  the  rate  coefficients  /i,,,,  ,  y„ç, 
following  reactions  : 


.  refer  to  the 
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•  Excitation  {de-excitation)  due  to  atomic  collisions 
H(«)  +  H(l)-^  H(«')  +  H(l)  +  ^E  (40û) 


or  associative  ionisation 

H(«)  +  H{\)^  \\*2  +  e  +  ^E.  (40è) 

•  Excitation  transfer  due  to  atom-molecule  colli- 
sions 

H(«)  +  H2(«,  a  V,  N)  ^  H(«')  + 

+  H2{n'\Q'\v'\N'-)  +  AE .  (41) 

•  Electronic  excitation  (de-excitation) 

H(«)  +  e^^  H(«')  +  e  +  AE  (42) 

where  C  =  («>  ^2,  v,  N)  represents  the  ensemble  of 
quantum  numbers  which  characterize  an  excited 
molécule. 

The  fact  that  induced  fluorescence  is  only  observed 
from  the  pumped  levels  leads  to  the  conclusion  that 
the  processes  (40û)  and  (42)  are  unefficient  under 
the  chosen  expérimental  conditions  (this  was  also 
verified  experimentally).  Also  the  reaction  {40b) 
could  be  neglected.  Thus,  the  eq.  (39)  can  be  approxi- 
mated  by 

v„{p,  n^A„  +  n^^{p,  7o,  /)  X  y„ç(7o)  (43) 

ç 

where  the  reaction  coefficient  y„ç  dépends  only  on  the 
relative  translation  energy  between  atoms  and  molé- 
cules, i.e.  on  the  gas  température  Tq. 

The  gas  température  Tq  was  measured  with  a 
thermo-couple  {Tq  ^  320  K  independent  of  p  and  /). 
Owing  to  the  very  low  degree  of  ionisation  one  has  : 

P  ^  («H,  +  «h)  I^To  .  (44) 

At  a  given  pressure  p,  a  decrease  of  «h,  must  be 
compensated  by  a  corresponding  increase  of  «h-  The 
decrease  of  v„  with  increasing  /  (see  Fig.  3)  is  now 
compatible  with  the  relation  (43)  under  the  assump- 
tion  that  an  increase  of  /,  i.e.  an  increase  of  n^  (see 
Fig.  2)  lowers  the  molecular  density  n^^  due  to  increas- 
ed  dissociation  according  to  the  reaction  : 

H2{X  'I/)  +      ^  H(l)  +  H(l)  +  e-  +  AE . 

(45) 

The  atoms  are  mainly  formed  in  the  ground  state 
«  =  1.  The  rate  équation  for  the  reaction  (45)  is 

^  =  2<5^«(H2)«,  -  V,  «,  (46) 

where  v,  represents  a  loss  coefficient.  A  second  colli- 
sion is  necessary  for  excitation  into  the  levels  «  >  1  : 

H(l)  +  É-"  ^  H(«  >  1)+       +  A£.  (47) 


The  rate  équation  for  the  excited  hydrogen  atoms 
n  >  \  is  given  by 

— ^y—  =  £,„  «1       —  v„>  I  «„>  I  .  (48) 

For  the  stationary  discharge  {d/dt  —  0),  the  number 
density  of  the  excited  hydrogen  atoms  must  therefore 
be  proportional  to  nj  : 

n^^,  =  2^^^  n{H2)nl  .  (49) 

As  long  as  the  degree  of  dissociation  remains  low 
(  <  5  %)  the  formation  of  atomic  hydrogen  will  not 
affedt  the  H 2  concentration  very  much,  whereas  the 
atom  density  can  strongly  vary  with  n^. 

A  measurement  of  the  intensity  of  atomic  and 
molecular  lines  as  a  function  of  at  a  given  pressure 
confirmed  that  the  intensity  of  the  molecular  lines 
varies  at  low  degrees  of  dissociation  linearly  with  n^ 
whereas  the  one  of  the  atomic  Unes  increases  with  n^. 
It  has  thus  been  proved  that  the  reaction  (41)  can 
explain  the  expérimental  features. 

The  results  of  the  figure  3  permit  to  détermine 
X  y„ç.  Putting  X  =  <  >H-H,  <  V  >  where  <  v  > 
ç 

is  the  mean  relative  velocity  between  H  and  H 2 
particles  yields  the  mean  eff'ective  cross-sections 
hsted  in  table  1. 

Table  1.  —  Mean  effective  cross-section  <  cr(«)  >h-h2 
for  collisional  de-excitation  of  excited  fiydrogen  atoms 
by  W2  molécules  after  [19].  Tfie  values  from  [20]  refer  to 
a  collision  experiment  in  which  H  was  excited  by 
40  keV  électrons  passing  through      gas.  {  a  )  is  in  Â^. 

«  =  3  «  =  4  n  =  5 

<  ct(/7)  >h-hJ19]  156  ±  3        145  ±  4         146  ±  5 

<  ain)  >H-Ha  [20]  76  ±  3  32  ±  3  8.9  ±  0.7 

The  expérimental  values  obtained  from  the  glow 
discharge  plasma  are  almost  independent  of  n  which 
is  not  the  case  for  the  collision  experiment.  It  might 
be  that  the  more  abundant  vibrationally-rotationally 
excited  molécules  in  a  discharge  plasma  are  responsible 
for  this  discrepancy. 

Dubreuil  and  Catherinot  [19]  also  measured  the 
decay  of  the  fluorescence  light  of  a  number  of  mole- 
cular lines  after  pumping  of  the  atomic  states.  The 
molecular  fluorescence  intensity  is  proportional  to  the 
atomic  fluorescence  intensity  (see  Fig.  4)  in  agreement 
with  reaction  (41).  They  could  especially  détermine 
the  reaction  coefficients  y„i^  for  molécules  in  the  elec- 
tronic  ground  and  in  the  excited  metastable  state 
H  2(0  ^I"/,  v'  =  0,  N  '  =  4)  according  to  : 

H(n)  +  H2{X  T/,  V  =  0,  yV)  ^  H(l)  + 

+  H2{n',Q',  v',N')  +  AE  (50a) 
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Ha  pumped 


or  via  a  two-step  process  with  Ihe  metastable  and 
pseudo-metastable  levels  as  intermediate  states  : 


Fig.  4.  —  Fluorescence  light  of  at( 
laser  pumping  of  the  atomic  level  n 


lie  and  molecular  Unes  after 
=  3  of  hydrogen,  after  [19]. 


H(3)  +  H2(a  ^Z/, 
+  H2ie  ^I^,  V 


=  0,N  - 
■■2,N' 


■  H(2)  + 
-  16  cm"  ' 


which  are  two  spécial  reactions  of  type  (41).  They  also 
determined  cross-sections  for  rotational  relaxation 
induced  by  collisions  with  atoms  and  molécules 
accord ing  to  the  reactions 

H2in,Q,v,N)  +  H(n  =1)^  ^^{n,  Q,  l\N ')  + 

+  H(«  =  1)  +  A£  (51a) 
H2(«,  Q,  V,  N)  +  H2iX  'I^)  ^  H2(«,  Q,  r,  N')  + 

+  H2(A"Z/)  +  A£.  (51/7) 

It  was  found  that  the  transitions  with  a  change  of 
AA^  =  ±  1  in  the  rotational  quantum  number  were 
much  more  efficient  than  those  with  A^V  >  1  indicat- 
ing  that  Q  is  not  further  a  good  quantum  number  for 
the  electronic  states  involved.  (The  usual  sélection 
rule  for  homonuclear  molécules  treated  in  the  frame 
of  the  Born-Oppenheimer  method  is  AA^  =  ±  2.) 

The  expérimental  work  of  Dubreuil  and  Catherinot 
together  with  theoretical  calculations  by  Capitelli 
et  al.  [21],  Cacciatore  et  al.  [22]  and  Capezzuto  et 
al.  [23]  has  led  to  a  better  compréhension  of  the  micro- 
scopic  processes  which  détermine  the  properties  of  the 
hydrogen  glow  discharge  ;  together  with  older  known 
work  the  situation  may  be  summarized  as  follows  : 

•  Formation  of  ion-electron pairs  :  The  H 2  molécules 
deliver  the  bulk  of  the  positive  10ns  and  électrons  by 
direct  ionisation  from  the  electronic  ground  level 


H2 


(52) 


According  to  présent  knowledge  the  production  rate 
of  H  ^  ions  via  the  two-step  process 


(50b) 


H, 


*H  +  H'  +  2  e-  (53) 


is  smaller  by  several  orders  of  magnitude.  At  higher 
degrees  of  dissociation  the  process  H  +  e'  -»H*-|-2£'~ 
may  play  a  rôle  (this  is  the  process  analogue  to  reac- 
tion (47)  for  the  excitation  of  atomic  levels). 

•  Dissociation  :  Obviously  two  différent  processes 
are  responsible  for  dissociation  ;  first,  dissociation 
by  électron  impact  : 


H2(A"r;)  - 


►  H(l)  +  H(l)  +  e-.  (54a) 


The  électron  rises  the  molécule  to  the  first  répulsive 
State  (^r),  followed  by  dissociation  ;  second,  dissocia- 
tion due  to  collision  of  two  vibrotational  excited 
molécules,  the  excitation  arising  from  electronic 
collisions  [21-23]  : 


H2(É'''Z/,f  =  0,A^)  +  e-  ^ 

-^H2(X'i;,v',N')  +  e- 
n2(X  '  e;  ,  v',N')  +  H2(A"Z,,  v'\  N")  -> 

-^H(l)  +  H(l)- 


(54b) 
-H|. 


•  hormaiioii  of  excited  atoms  is  essentially  due  to 
electronic  collisions  of  the  atom  in  the  ground  state  : 


m)  +  e- 


.  H(«)  - 


(55) 


after  the  molécule  has  been  dissociated. 

•  Formation  of  excited  molécules  :  Two  processes  are 
possible,  namely  direct  excitation  by  électron  colli- 
sions : 

H2(A' 'I/)  +  e ->  H|  (56a) 

and  excitation  transfer  due  to  molecule-atom  colli- 
sions : 

H2(X  'Z/)  +  H(n)  -  H2(«,  Q',  v',  J')  +  H(l)  . 

(56b) 

•  Destruction  of  excited  atoms  and  molécules  is 
mainly  via  radiative  transitions  and  due  to  collisions 
with  atoms  and  molécules  in  the  ground  state  : 


(57a) 


(57/;) 
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•  Destruction  of  ions  (H^  +  ,  H  +  )  is  mainly  due  to 
diffusion  to  the  walls  (ambipolar  diffusion)  foUowed 
by  recombination  on  the  walls.  This  process  is  only 
dominant  in  a  limited  range  oï p  {~  10  '  to  10  torr), 
or  /?  (~  1  mm  to  100  mm)  and  of  /  (~  IC*  to  1  A). 

The  measurements  showed  further  that  the  élec- 
trons contribute  little  to  the  transfer  of  energy  between 
excited  states  (collisional  excitation,  de-excitation 
negligible). 

3.3  The  glow  discharge  in  nitrogen  gas.  — 
An  expérimental  study  of  Polak  et  al.  [24]  led  to  the 
resuit  that  the  molecular  ionisation  rates  for  ail 
régimes  of  a  glow  discharge  in  gas  (/  =  5  to 
75  mA  ;  /?  =  1.6  cm,  =  0.6  to  6.3  torr)  must  lie 
above  the  values  computed  under  the  assumption  of 
direct  ionisation  by  électron  impact  (see  Fig.  5). 

r  3  -1  T 
<  cr  V  >g  [  cm    s  J 


3  5  7  9  11 

é/n[N2][10-^'v.cm2] 


Fig.  5.  —  Rate  coefficient  <  di  i;  >  =  S  for  volume  ionisation  in 
a  glow  discharge  in  pure  Nj  gas  as  a  function  of  £/n.  Curves  1 
to  5  deduced  from  measurements  1)  /  =  9.5  mA/cm^  ; 
2)  (■  =  3.8  mA/cm^  ;  3)  ;  =  1.25  mA/cm^  ;  4)  ;  =  0.63  mA/cm^  ; 
5)  from  swarm  experiments  ;  6)  calculation  for  direct  ionisation 
after  reaction  [40a]  with  T„  =  8  000  K  ;  7)  the  same  with  vibra- 
tional  température  T„  =  300  K.  After  [24].  Expérimental  error 
bars  are  ±  100  %. 

Impurities  could  not  be  made  responsible  for  the  large 
discrepancies  between  theoretical  and  expérimental 
values.  From  thèse  and  other  observations  the  authors 
conclude  that  the  ionisation  mechanism  under  glow 
discharge  conditions  occurs  via  the  following  pro- 
cesses : 

•  Direct  ionisation  (X  is  the  electronic  ground  state) 

N,(A  )  +  c    -  N;  +  2      .  (58^;) 

•  Sicpwise  clccinifiu  lonisaiion  (Z  is  an  excited 
electronic  state) 

N2(A')  +  e-  ^  N2(Z)  +  e-  ^"^t  +  2  e-  . 


•  Electronic  excitation  jollowed  hy  ionisation  due 
to  niolecule-molecule  collisions  : 

^liX)  +  e-  ^  n^iZ)  +  e-  (59a) 
N,(Z)  +  N2(Z')p        +  N,  +  é-- 

{E^  +  Ez  ^  ^ion)  L  N:  +  e-  (59b) 

N2(Z)  +  NjiX,  V)  +N2  +  e-  (59c) 

(£z  +  Ex.,  ^  £ion)  U  N  +  +  e-  {59d) 

where  E^,  E^  ,  Ex,^.  and  dénote  the  excitation  and 
ionisation  énergies  respectively.  Further  the  following 
transformations  seem  to  be  likely  : 

N+  +  2N2^n;  +  N2;  (60a) 

N;  +  N  ^  N+  +  2N2  .  (60b) 

m  The  destruction  of  the  ions  is  mainly  due  to  ambi- 
polar diffusion  foUowed  by  recombination  on  the 
wails  : 

2[N+  +  c"]^  2N  ->  N2  (61fl) 
[N2+  +  e-]^  N2  (61^^) 
[N:  +  e-]-^  2N2  .  (61c) 

It  has  experimentally  been  observed  that  the  N4 
concentration  decreases  with  increasing  current.  This 
effect  is  interpreted  as  being  due  to  a  decrease  of 
the  N2  density,  because  of  an  increase  of  dissociation 
with  increasing  électron  density  (because  n^  is  propor- 
tional  to  /)  (see  eq.  (35)).  According  to  the  reactions 
(59(/)-(59rf)  the  production  rate  of  N4  should  be 
proportional  to  n^^  ni-  This  dependence  has  experi- 
mentally not  yet  been  demonstrated. 

In  this  context  the  theoretical  work  of  Winkler 
and  Pfau  [26-27]  on  the  glow  discharge  in  N2  gas 
should  be  mentioned.  They  calculated  électron  velo- 
city  distribution  functions,  collision  frequencies, 
energy  loss  rates,  direct  ionisation  frequencies 
and  other  quantities  related  to  atomic  processes. 
Capitelli  and  Dilonardo  [25]  (see  also  [22])  calculated 
the  non-equilibnum  excitation  and  dissociation  of 
nitrogen  molécules  in  electrical  discharges. 

The  findings  of  Polak  et  al.  [24]  lead  to  the  question 
if  cluster  ions  could  not  play  a  rôle  in  glow  discharge 
plasmas  of  other  molecular  gases  ? 

It  should  finally  be  mentioned  that  Engelke  [28] 
considered  dissociating  collisions  in  the  frame  of  the 
Schottky  theory. 

3.4  The  glow  discharge  in  atomic  gases;  the 
CONSTRICTION  PHENOMENON.  —  According  to  the 
différent  values  of  p  and  /,  a  glow  discharge  appears 
visually  as  either  a  diffuse-homogeneous,  a  diffuse- 
striated,  a  constricted  striated  or  a  constricted- 
homogeneous  plasma  column.  Figure  6  shows  the 
existence  régions  of  those  types  of  discharges  for  neon. 
Similar  curves  for  the  other  rare  gases  may  be  found 
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Fig.  6.  —  Existence  diagram  of  the  différent  column  states  in  the 
case  of  a  discharge  in  neon  gas  ;  p  =  fiiiing  pressure  ;  /  =  discharge 
(plasma)  current  ;  R  =  tube  radius  ;  after  [29,  36]. 

in  [29].  When  one  goes  for  instance  from  low  to 
higher  values  of  /  (for  given  values  pR)  a  diflfuse- 
homogeneous  discharge  suddenly  constricts.  This 
constriction  is  accompagnied  by  a  sharp  decrease  of 
the  electric  field  strength  8  as  shown  in  figure  7. 
if  /  changes  from  the  higher  to  the  lower  values, 
the  discharge  returns  to  the  diffuse  state  at  a  value 
of  /  slightly  différent  from  the  one  which  was  obtained 
for  the  opposite  direction.  One  has  a  kind  of  hystérésis 
which  increases  with  decreasing  pressure.  This  cons- 
triction phenomenon  has  been  known  for  a  long 
time,  however,  even  systematic  theoretical  studies 
have  not  yet  led  to  a  satisfactory  description  of  this 
eflfect.  It  is  interesting  to  see  what  a  progress  has 
been  achieved  during  the  last  years  by  including 
various  atomic  and  molecular  processes  in  the  theore- 
tical model. 


1 

R=32mm 

pV  =  200  Torr 

 caLcuLated 

***  1  measured 

-  ^>x^100  Torr 

-  "^-x^  50  Torr 

 Xr— 

0  50  100  150 


I  [m A] 

Fig.  7.  —  Measured  electric  field  strength  as  a  function  of  current  / 
for  a  discharge  in  neon.  R  =  32  cm,  •  200  torr,  O  100  torr, 
X  50  torr,  —  calculations,  —  constricted  discharge  measured. 
After  [36]. 

In  the  following  we  refer  first  to  the  work  of  Wojac- 
zek  who  studied  in  a  séries  of  papers  the  constriction 


by  making  différent  theoretical  assumptions.  In  [30] 
the  following  assumptions  were  made  : 

1.  The  ionisation  coefficient  is  equal  to  a  modified 
Maxwell  coefficient  (see  also  eq.  (23))  and  has  the  form 

S'^S^f^c""  (62) 

D 

where  refers  to  a  Maxwell  distribution,  h  and  K 
are  constants,  fiis  ~ 

2.  Superelastic  collisions  are  neglected. 

3.  Ail  ion-electron  pairs  diffuse  to  the  walls  due  to 
ambipolar  diffusion.  They  recombine  on  the  walls. 

4.  Electron  température  7^,  independent  of  r. 

5.  Gas  température  Tq  independent  of  r. 

6.  Neutral  gas  density  constant  across  r. 
1.  Volume  recombmation  is  neglected. 

The  radial  distribution  of  is  then  described  by 
the  équation  ; 

The  solutions  show  a  strong  constriction  with  increas- 
ing  values  of  Co(r  -  0)  =  KB^,  where  is  the  value 
of  B  on  the  axis.  The  relative  distribution  «,(r)/«,(0) 
is  shown  in  figure  8.  The  curve  B  represents  the  Bessel 
function.  Similar  curves  have  been  obtained  by 
Albrecht    a/.  [31]. 


obtained  when  ft/5exp(-  KB)  =  1.  After  [30]. 


In  a  subséquent  paper  Wojaczek  [32]  assumes 
instead  of  the  condition  5  above,  that  the  gas  tempe- 
rature  dépends  on  r  via  beat  conduction.  Ail  other 
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assumptions  remain  unchanged.  Now  n^{r)  and  Toir) 
are  determined  by  the  following  équations  : 


r  ôr\ 


+  S^n,n-c-''"^"^^^0  (64) 


(65) 


where  K  is  the  thermal  heat  conduction  and  Q  =  i8 
is  the  source  term  (heating  of  the  neutral  gas  by 
électron  collisions).  Compared  to  the  solutions  of 
eq.  (63),  the  radial  dependence  of  practically  does 
not  change  the  results  in  the  range  of  interest. 

A  comparison  with  measurements  for  argon  shows 
that  the  experimentally  observed  constriction  is 
usually  stronger  than  predicted  by  the  model. 

In  a  next  paper  [33]  he  assumed  that  also  dépends 
on  r.  The  solution  of  the  corresponding  differential 
équations  leads  to  the  conclusion  that  the  radial 
dependence  of  is  of  Uttle  conséquence  for  the 
constricted  discharge. 

In  a  last  paper  [34]  the  calculations  are  based  on 
the  same  assumptions  1  to  6  as  in  the  first  paper  [30], 
however,  instead  of  the  condition  7  volume  recombi- 
nation  is  now  included  in  the  model  (assumed  to  be 
independent  of  r).  Instead  of  eq.  (63)  the  following 
differential  équation  has  to  be  solved  : 


3.  The  diflfusion  of  the  charged  particles  is  governed 
by  ambipolar  diffusion. 

4.  Diflfusion  of  excited  particles  is  neglected. 

5.  Radiative  transfer  is  taken  into  account  by 
means  of  Holstein's  radiative  escape  factor. 

6.  The  radial  dependence  of  the  gas  température 
is  taken  into  account  by  solving  the  corresponding 
heat  transfer  équation  for  the  neutral  gas. 

7.  Volume  recombination  is  taken  into  account 
in  the  form  of  dissociation  recombination.  For  neon 
the  following  recombination  coefficient  has  been 
chosen  (see  p.  2232  of  [37]) 


1  d 


B 


(66) 


2.5  X  IQ-^ 


(67) 


where  kT^  is  in  eV. 

8.  Superelastic  collisions  have  been  neglected. 

•The  various  reaction  channels  which  have  been 
taken  into  account  are  shown  in  figure  9  for  neon. 
The  associative  ionisation  process 

Ne*  +  2  Ne  ^  Ne2  +  Ne  +  e' 

is  only  effective  for  particles  belonging  to  the  groups  III 
and  IV.  The  axial  field  strength  (axially  constant) 
and  the  velocity  distribution  function  for  the  électrons 
have  been  calculated  including  elastic  electron-elec- 
tron,  elastic  electron-atom,  and  inelastic  electron- 
atom  collisions.  The  electron-electron  collisions  ensure 


;1.5  eV  ///////////// 


The  results  lead  with  recombination  to  a  stronger 
constriction  of  the  n^{r)  distribution  than  without 
recombination,  but  the  theoretical  model  gives  still 
too  wide  —  distributions  compared  to  the  expe- 
riments.  Also  the  theoretically  calculated  electric 
field  strength  8  does  not  agrée  with  the  measured  ones. 
Taking  recombination  into  account  leads  to  an 
increase  of  8  instead  of  a  lowering  as  it  is  observed  for 
the  constricted  column  (see.  Fig.  7). 

A  much  more  sophisticated  collisional-radiative 
model  for  a  glow  discharge  in  neon  and  in  argon 
has  been  set  up  and  solved  by  Smits  and  Prins  [35-36]. 
The  following  assumptions  were  made  : 

1.  The  molecular  ion  density  (for  instance  «(Nej  )) 
is  much  greater  than  the  atomic  ion  density  (for 
instance  «(Ne"^)).  The  latter  can  therefore  be 
neglected  ;    the    quasi-neutrality    condition  gives 

=  n(Ne2  ). 

2.  Direct  ionisation  is  negligible  with  respect  to 
stepwise  ionisation.  This  stepwise  ionisation,  i.e.  the 
ultimate  formation  of  Ne2  ions,  proceeds  via  asso- 
ciative ionisation  Ne*  +  2  Ne  Ne2  +  Ne  4-  e~ 
(see  Fig.  9  and  réf.  [37]). 


Fig.  9.  —  Atomic  and  molecular  processes  which  "have  been 
taken  into  account  in  the  collisional-radiativ .  model  of  a  glow 
discharge  in  neon  gas,  after  [35,  36]. 


that  /(£)  tends  to  a  Maxwellian  at  high  électron 
densities  (but  never  reaching  it).  The  inelastic  and 
elastic  electron-atom  collisions  lead  to  a  dépopulation 
of  the  tail  oïf{E)  compared  to  a  Maxwell  distribution. 
Figure  10  shows  a  calculated  distribution  function. 

The  main  results  of  the  model  calculations  compared 
to  measurements  are  : 

a)  For  the  diflfuse  discharge,  the  calculated  radial 
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Fig.  10.  —  Calculated  velocity  distribution  function  /(£)  for 
électrons  moving  in  a  neon  glow  discharge  plasma  under  the 
influence  of  an  applied  eiectric  field  at  différent  électron  densities. 
The  mean  translational  energy  is  £  =  3  eV,  the  neutral  gas  density 
corresponds  to  a  pressure  oî  p  =  100  torr.  After  [36]. 

distributions  of  n,  and  of  the  excited  states  agrée 
relatively  well  with  the  measurements.  This  is  not 
the  case  for  the  constricted  discharge. 

h)  For  the  diffuse  discharge  the  calculated  eiectric 
fieiu  strength  8  also  agrées  with  the  measurements  (see 
the  examples  given  in  figures  7  and  11).  However, 
the  sudden  decrease  of  8  for  the  constricted  discharge 
could  not  be  reproduced. 

The  authors  have  changed  several  parameters  and 
found  that  8  decreases  more  rapidly  with  current  / 
when  a  is  increased.  Figure  11  shows  an  example 
where  a  was  increased  by  a  factor  of  three.  A  much 
better  transition  from  the  «  diffuse  »  to  the  «  con- 
stricted »  8-values  could  be  obtained  by  increasing  in 
the  Boltzmann  équation,  which  served  for  calculating 
y  (£)  _  the  Coulomb  terms  by  a  factor  of  six. 
A  nearly  sudden  transition  from  one  régime  to  the 
other  could  be  obtained  by  chosing  a  two-temperature 
model.  Instead  of  using  the  calculated  distribution 
function  the  authors  chose  a  Maxwellian  distribution 
with  a  bulk  température  To  on  which  another  Maxwell 
distribution  corresponding  to  an  électron  dcnsity- 
dependent  tail  température  T,  —  was  superposed.  The 
foUowing  ratio  between  T,  and  r„  was  assumed  : 


T, 

7^  ' 


consistent  modeL  \ 
with  a  *  3 


two-temperature 
model 


)  Measurements 


(68) 


Chosing  C,  -  2.66,  =  6.5  x  10  '  ihe  constric- 
tion  phenomenon  occurs  at  /  ^  120  mA  as  is  observed 
experimentally  (see  Fig.  11). 


0  50  100  150 

I  [mA] 

Fig.  1 1.  —  Influence  of  volume  recombination  a  and  of  température 
model  on  the  constriction  phenomenon.  — .  — .—  with  a  given 
by  eq.  (67)  and  consistently  calculated  velocity  distribution  func- 
tion /(£);          the  same  but  with  three  times  larger  value  for  a; 

—  two-temperature  model  for  the  électrons;  OOOO  measured 
values.  After  [36]. 

From  a  theoretical  point  of  view  this  method  is 
unsatisfactory.  However,  the  fact  that  constriction 
can  be  obtained  when  a  group  of  energetic  électrons 
is  included  in  the  model  has  led  the  authors  to  propose 
another  mechanism  which  might  be  responsible  for 
constriction  :  the  formation  of  energetic  électrons 
caused  by  an  ionisation  instability  in  the  form  of  a 
striations  generating  process. 

It  should  be  mentioned,  however,  that  the  tail  of 
/(£)  can  also  be  populated  by  superelastic  collisions 
which  have  been  neglected  in  the  model.  For  instance 
for  neon  the  rate  of  electronic  deexcitation  can  become 
important  due  to  the  metastability  of  the  first  excited 
3s-levels  and  the  quasi-metastability  of  the  3p-levels 
(as  a  resuit  of  strong  résonance  reabsorption).  If  one 
includes  in  the  model  diffusion  of  this  group  of  levels 
it  might  be  that  a  kind  of  spatial  excitation-deexci- 
tation  relaxation  is  build  up  which  could  be  capable 
in  producing  a  group  of  hot  électrons  in  the  tail  of  the 
velocity  distribution  function  and  which  is  obviously 
needed  in  order  to  explain  the  observed  features. 
The  assumption  of  diffusion  of  excited  states  would 
also  be  in  agreement  with  the  expérimental  fact 
that  the  observed  line  émission  shows  a  larger  radial 
profile  than  do  the  model  calculations  provided  the 
radiating  levels  are  sufficiently  coupled  to  the  meta- 
stable  and  quasi-metastable  levels  through  collisional 
processes. 

4.  Négative  ion  plasmas.^  4.1  Général  consi- 
dérations. Unlil  now,  we  have  only  considered 
positive  ion-electron  plasmas.  However.  under  appro- 
priate  conditions,  one  can  produce  plasmas  containing 
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a  relatively  large  amount  of  négative  ions.  For  some 
gases,  especially  those  containing  halogens,  a  quasi- 
negative  ion  plasma  can  be  produced,  the  électron 
density  being  negligible.  Négative  ions  containing 
plasmas  are  not  only  of  fundamental  interest,  they 
play  a  great  rôle  in  astrophysics  and  are  of  great 
importance  in  electric  circuit  breakers.  They  may 
become  important  in  the  production  of  energetic 
neutral  beams  for  plasma  heating  (neutral  beam 
injection  in  Tokamak  plasmas).  Also  the  diffusion 
and  wave  properties  of  négative  ion  plasmas  are  , 
of  interest,  since  électron  induced  ambipolar  fields 
no  longer  dominate  the  diffusion  characteristics, 
and  the  shielding  of  low-frequency  fields  by  électrons 
become  increasingly  unefficient  with  higher  densities 
of  négative  ions.  For  a  pure  electronegative  gas  the 
similarity  laws  are  différent  from  the  ones  given 
above  for  pure  électron-positive  ion  plasmas. 

Négative  ions  can  be  produced  in  many  différent 
ways.  In  molecule-free  plasmas,  there  exists  only 
one  single  mechanism,  that  is  the  attachment  of  free 
électrons  to  neutral  atoms  with  positive  électron 
affinity.  The  energy  liberated  in  this  process  is  emitted 
in  form  of  a  photon  hv  which  produces  the  électron 
affinity  continuum.  The  absorption  of  continuous 
radiation  by  négative  ions  causes  photo-detachment 
of  the  bound  électron.  Thus, 

A  +  e-  ^  A  -  +  hv  .  (69) 

In  astrophysical  objects,  thèse  two  reactions  are 
of  considérable  interest  when  A  represents  a  hydrogen, 
an  oxygen,  or  a  nitrogen  atom.  The  continuum 
opacity  of  the  Sun's  atmosphère  originates  from  H" 
absorption,  the  O"  and  N"  ions  play  a  rôle  in  the 
sunlit  ionosphère. 

The  électron  affinity  (or  attachment)  continua  are 
currently  observed  in  émission  from  low  current 
arcs  at  atmospheric  pressure  and  in  shock-tube 
experiments  provided  the  optical  depth  does  not 
exceed  the  value  one  to  two  (for  higher  optical  depths, 
the  arc  emits  as  a  black-body).  For  further  détails, 
the  reader  is  referred  to  the  récent  papers  [39-44]. 

The  physics  of  the  négative  ions  is  not  yet  well 
understood.  There  should  exist  a  whole  séries  of 
excited  levels  with  énergies  close  to  those  for  the 
excited  H-atom  [45].  Until  now,  the  expérimental 
search  for  thèse  states  has  led  to  négative  results  [46]. 
An  exception  is  the  expérimental  confirmation  of 
the  Is  2p  ^PshaperesonanceofH"  atA  =  1  130Â[46- 
48]  predicted  by  Macek  and  Burke  [49],  see  also  [50]. 

Récent  measurements  of  the  detachment  cross- 
sections  for  the  reaction  e~  +  H"  ^  H  +  2  e~  have 
led  to  the  conclusion  that  the  observed  order  of 
magnitude  (cr  <  4. 10 ~ cm^)  was  insufficient  for 
the  process  to  be  important  in  astrophysics.  It  seems 
to  be  more  likely  that  the  destruction  of  H  '  in  cold 
stellar  atmosphères  is  primarily  due  to  associative 
detachment  [51,  52]  : 

H"  +  H  ^  H2  ^  H2(A"Z/,  r,  N)+  c  .  ,70) 


New  calculations  of  the  cross- section  for  reac- 
tions (70)  which  are  capable  to  populate  rotational- 
vibrational  states  have  been  published  by  Bieniek 
and  Dalgarno  [53]. 

There  are  also  expérimental  indications  from  labora- 
tory  experiments  that  there  might  exist  reaction 
channels  for  the  formation  of  H*  which  have  still 
to  be  identified. 

4.2  Formation  of  H"  in  a  low-pressure  plasma. 

—  Doucet  and  collaborators  [54]  produced  a  hydrogen 
plasma  in  a  kind  of  cylindrical  multipole  and  measured 
the  négative  ion  density  by  means  of  an  electro- 
static  probe  (plasma  volume  ~  50  1,  filling  pressure 

-  10"Morr).  It  was  found  that  the  H"  density 
continuously  increased  with  pressure,  and  attained 
values  of  ~  3. 10^  cm" ^,  that  is  30  %  of  the  positive 
ion  density.  The  measured  values  are  graphically 
shown  in  figure  12.  The  figure  also  shows  values 
calculated  from  the  steady-state  équation  including 
the  following  processes  with  v  =  0  in  eqs.  (71a,  b)  : 

•  Dissociative  électron  attachment 

+  H2(X  'I^,  V)  ^  H2  (^O  ->  H(ls)  +  H"  (71a) 
e-  +  U.ic'n,,  V)  -      e;rj  -  H(2p)  +  H"  .  (716) 

•  Polar  dissociation 

g-  +  H2  ^        +  H"  +  É-".  (72) 


-0-0-00- Measurements 


Fig.  12.  —  Négative  ion  density  n(H')  as  a  function  of  positive 
ion  density  «  +  .  after  [54],  The  électron  température  is  taken  as 
curve  parameter.  H*  ions  are  assumed  to  be  negligible,  thus 
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•  DissocicUive  recomhinalion 

^-  +  Hz"-  ^  H"  +  (73«) 
e'  +        ->  H-  +  H,"  .  (73/)) 

•  Collisional  électron  detachment 

^-  +        ->  f"  +  H  +      .  (74) 

•  Mutual  neutralisation 

H-  +  H^^  -       +  H  .  (75) 

and 

•  Diffusion 

From  figure  12  one  sees  that  the  measured  values 
are  100  times  higher  than  the  calcula ted  ones  at  the 
highest  plasma  density.  At  the  présent,  there  is  no 
satisfactory  explanation  for  this  large  discrepancy. 
Photodetachment  measurements  allowed  to  déter- 
mine the  H"  density  as  a  function  of  For  a  plasma 
with  the  following  parameters  «(Hz)  «  2. 10^"^  cm  \ 
n,  -  1.7.10'*  to  1.1.10^<^cm-^  kT,  *  0.1  ...0.4eV, 
a^dependence  n{\\')  oz  n]  was  found  [55-56].  At 
maximum  density,  a  ratio  of  «(H~)/«,  «  0.35  was 
observed.  It  is  assumed  that  one  (or  both)  of  the 
reactions  (71fl),  (71/))  are  responsable  for  the  H 
production.  Also  the  process  (73/))  cannot  completely 
be  excluded.  The  reactions  in  H"  and  D  containing 
plasmas  have  been  reviewed  in  [57]. 

4.3  Electric  circuit-breakers ;  recombination 
OF  SFe  plasmas.— High-powerelectriccircuitbreakers 
are  used  to  interrupt  high  currents  under  medium- 
or  high-voltage  conditions.  Such  switchgears  contain 
sulphur  hexafluoride  (SFJ  gas  because  of  its  out- 
standing  dielectric  properties  under  high-voltage  and 
high-temperature  conditions.  A  circuit-breaker  con- 
sists  of  one  or  two  axially  movable  électrodes  in  a 
SFé  containing  vessel.  The  vessel  consists  of  two 
électrode  chambers  connected  by  a  channel  (nozzle). 
During  breaker  opération  a  high  pressure  différence 
is  maintained  between  the  chambers. 

In  the  normal  position,  the  électrodes  are  in  contact 
and  the  current  can  flow  through.  When  the  current 
is  to  be  interrupted,  the  électrodes  are  separated. 
An  arc  is  established  which  burns  through  the  nozzle. 
The  arc  is  submitted  to  a  strong  gasblast  of  SF^, 
which  cools  the  ionised  gas.  When  the  current  goes 
through  zéro,  the  plasma  has  a  température  of  approxi- 
mately  10"^  K,  the  gas  is  fully  dissociated  and  partially 
ionised,  the  thermodynamic  state  is  close  to  L.T.E. 
The  main  constituents  are  F,  S,  S"^  and  électrons  [58- 
59].  Close  to  and  at  current  zéro,  a  strong  ion-electron 
recombination  begins  accompanied  by  the  formation 
of  négative  F"  ions.  Also  molécules  are  formed. 
When  the  high-voltage  reappears  in  the  nexl  half 
period,  the  électrons  must  have  disappeared  in  order 
to  avoid  re-arcing.  The  current  interruption  was 
successful  when  the  gas  has  withstood  the  full  voltage. 
The  rapid  formation  of  négative  ions  by  électron 
attachment  is  essential  for  the  extinguishing  capabili- 
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ties  of  the  SF,,  plasma.  Industry  builds  current 
breakers  which  are  capable  to  interrupt  currents  of  the 
order  of  75  kA  per  breaker  unit  and  which  can  with- 
stand  voltages  of  the  order  of  70  to  100  kV.  Connected 
in  séries,  circuit-breakers  are  applied  for  voltages  of 
the  order  of  500  kV.  For  further  détails,  the  reader  is 
referred  to  [60-69]. 

The  physical  properties  of  the  recombining  SF^ 
plasma  with  and  without  an  applied  electric  field 
are  not  yet  well  understood.  Both  experiments  and 
theoretical  considérations  have  led  to  the  conclusion 
that  the  essential  reason  for  electrical  breakdown  or 
re-arcing  of  a  hot  SFg  gas  is  the  présence  of  négative 
ions  of  the  order  of  10'^  cm"^  at  a  température  of 
about  2  500  K.  The  dielectric  properties  dépend  on 
the  reaction  rate  for  électron  detachment  followed 
by  électron  avalanches  under  the  influence  of  the 
applied  electric  field  and  the  rate  for  électron  attach- 
ment. The  temporal  évolution  of  the  plasma  compo- 
sition during  recombination  is  still  unknown  to  a 
large  extent. 

It  should  in  principle  be  possible  to  calculate  the 
temporal  évolution  of  the  plasma  composition  from 
a  System  of  coupled  équations  for  the  particle  densities, 
momenta  and  énergies.  At  constant  plasma  tempé- 
rature, the  physical  situation  can  be  described  as 
follows  :  recombination  will  first  lead  to  a  decrease  of 
total  pressure  with  a  rate  according  to  (see  eqs.  (8) 
to  (13)) 


Thus,  a  pressure  différence  is  built-up  which  leads 
to  a  gênerai  diffusion  and  mass  flow  of  the  plasma 
(eqs.  (14)  (16))  in  order  to  re-establish  the  pressure. 
This  mass  motion  is  accompanied  by  a  transport 
of  energy  (eq.  (19)).  In  order  to  make  the  problem 
mathematically  tractable  many  simplifying  assump- 
tions  have  to  be  made.  Also  the  many  reaction 
cross-sections  must  be  known,  which  is  not  the  case 
at  présent. 

The  physical  situation  becomes  much  simpler  when 
a  homogeneous  recombining  plasma  volume  at 
constant  pressure  is  considered,  which  might  be 
submitted  to  a  simultaneous  température  variation. 
A  simplified  rate  équation  for  the  species  s  can  then 
be  obtained  in  the  following  way  :  the  species  s 
contributes  to  the  pressure  drop  with  a  rate 

A  température  change  at  /?  =  constant  leads  in 
addition  to  the  following  rate  for  n^ 
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Thus,  for  the  species  s  the  following  rate  équation  is 
obtained 

(80) 

A  coupled  System  of  rate  équations  of  type  (80) 
has  been  applied  by  Brand  and  Kopainsky  [70]  in 
the  frame  of  a  simplified  reaction  model  that  takes 
the  following  chemical  species  into  account  : 

F,  F2,  S,  S2,  SF,  S  +  ,  S2 ,  F"  and  électrons . 

Figure  13  shows  the  results  of  the  model 
calculations.  The  initial  condition  is  10*  K  at 
t  =  0,  with  the  particle  densities  given  by  their  equili- 
brium  values  at  p  =  \  atm.  During  the  first  50  \is, 
there  is  a  strong  electron-S"^  ion  recombination,  the 
F"  density  remains  approximately  constant.  At 
50  |is  begins  a  drastical  change  of  the  neutral  particle 
densities.  For  t  >  100  ^s,  the  ion  density  stabilizes 
at  a  value  of  approximately  lO'^cm"''.  The  most 
abundant  ions  are  and  F~,  the  électron  density 
is  negligible  for  t  >  100  i^s.  The  formation  of  F~ 
and  S  2  ion  pairs  leads  to  a  longlived  négative  ion 
plasma  which  détermines  the  electrical  properties  of 
the  gas  and,  thus,  a  possible  dielectric  failure  when 
the  voltage  reappears  at  the  électrodes. 
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Fig.  13. —  Temporal  évolution  of  plasma  composition  (particle 
densities  of  chemical  species  k)  and  température  Jof  a  recombin- 
ing  SFg  plasma  at  a  pressure  of  1  atm,  after  [70]. 


5.  Collisional-radiative  recombination.  —  The  eqs. 
eqs.  (21a),  (21  b)  permit  to  define  two  différent  colli- 
sional-radiative recombination  (a)  and  ionisation 
coefficients  (S)  for  the  électrons  and  the  ions  : 

^  +  V,.(n,  <  »  =  «,[«0  S,  -  aj  (81a) 
^  +  V,.(«+  <       »  -  «,[«0  S+  -  n+  a+]  .  (81è) 

For  négative  ions,  a  third  équation  has  to  be  added. 
•In  négative  ions-free  plasmas, 

S,  =  S+  =  S  ,       a,  =  a+  =  a  , 

and  eq.  (22)  hold. 

The  recombination  coefficient  a  can  be  determined 
experimentally  by  measuring  «^(r,  /)  of  a  recombining 
plasma  at  sufficiently  low  température  (in  order  to 
avoid  perturbation  by  the  term  «g  «o  S). 

.For  constant  volume,  a  is  given  by 

The  decrease  of  the  électron  density  is  accompanied 
by  a  decrease  of  total  pressure  with  a  rate 

The  last  term  accounts  for  a  change  of  température 
during  the  recombination  phase. 

When  the  plasma  recombines  at  constant  pressure 
we  can  as  a  first  approximation  apply  eq.  (80)  to 
which  the  ambipolar  diffusion  term  should  still  be 
added.  Putting  in  eq.  (80)  n^  ^  n^  we  obtain 

[^nJ^t]^^^^  =  [ônjdt]^^^^  =  -  n^n+  ce  . 

rad.'  rad.' 

Further,  £  [cîn^/^'lcoii.  is  given  by  eq.  (13).  It  thus 
foUows 

"  "  ~  n,n+il  +  n,kT/p)\_ôt  " 

The  third  term  —  which  is  generally  positive  — 
accounts  for  the  formation  of  neutral  molécules  during 
the  recombination  phase.  In  the  denominator,  the 
ratio  of  électron  pressure  to  total  pressure  can  in 
almost  ail  cases  be  neglected.  During  recombination, 
T  practically  equals  the  gas  température.  When 
measurements  of  n^r,  t)  and  T(t)  are  based  on  methods 
in  which  the  length  of  the  plasma  column  intervenes, 
corrections  have  eventually  to  be  made  in  order  to 
account  for  the  contraction  of  the  plasma  column. 
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Substituting  in  eqs.  (82)  and  (84)  /î^  by  yields 
the  corresponding  expressions  for  the  recombination 
coefficient  of  a  négative  ion  plasma  in  (which  électrons 
are  absent). 

From  figure  13  we  can  extract  the  order  of  magni- 
tude of  the  recombination  coefficient.  One  finds 
a  »  10"^  cm'  s"'  for  the  first  50  |as,  and 

a  S5  10"'°cm'  s"^ 

for  times  /  >  100  |as.  Thèse  values  differ  by  several 
orders  of  magnitude  from  those  measured  for  the  cold 
SFg  gas  [71]  which  con tains  mainly  SF5,  SF5  and 
SFg  ions  and  probably  also  cluster  ions  of  the  form 
SFë(SF6);,. 

6.  Atomic  processes  in  high-temperature  plasmas.  — 

Until  now,  we  have  dealt  with  relatively  cool  plasmas 
containing  both  atomic  and  molecular  (neutral  and 
ionised)  species.  We  will  now  consider  high-tempera- 
ture plasmas.  We  shall  limit  the  discussion  to  a 
selected  number  of  atomic  (ionic)  processes  encoun- 
tered  in  so-called  thermonuclear  fusion  plasmas. 
In  the  foUowing,  the  word  hydrogen  is  employed  for 
either  of  the  isotopes  hydrogen,  deuterium  and  tri- 
tium.  The  examples  chosen  apply  in  the  first  place  to 
Tokamak  plasmas. 

6.1  The  dynamics  of  hydrogen  atoms.  —  Apart 
from  laser-fusion  experiments,  ail  fusion  plasmas  are 
submitted  to  strong  magnetic  fields  in  order  to 
confine  the  plasma  and  to  separate  it  from  material 
walls.  However,  only  charged  particles  are  influenced 
by  a  magnetic  field,  neutrals  can  cross  it  without 
being  affected.  Owing  to  ion-electron  recombination, 
the  neutral  particle  density  is  not  zéro,  but  even  under 
thermonuclear  conditions  can  some  neutral  hydrogen 
atoms  be  présent  in  the  hot  plasma  core.  One  has 

«(H°)  «  10^..  lO^cm"'  . 

This  follows  directly  from  the  solution  of  the  ionisa- 
tion-recombination  balance  for  hydrogen  and  agrées 
approximately  with  measured  values.  Therefore,  ener- 
getic  ions  H"^(D"^,  T^)  can  undergo  charge  exchange 
collisions  with  neutral  atoms  H°(D",  T°)  according 
to  the  reaction 

+  H°  ^  H"  +  H+  (85) 

in  which  the  energetic  ions  are  transformed 
into  energetic  neutral  particles  H^which  can  now  cross 
the  magnetic  barder.  Whether  thèse  neutrals  can 
directly  reach  the  walls  or  not  dépends  on  the  proba- 
bility  of  re-ionisation,  since  a  re-ionised  particle  will 
again  be  captured  by  the  magnetic  field.  The  ionisation 
probability  dépends  on  the  ionisation  cross-sections. 
In  figure  14,  ail  relevant  ionisation  cross-sections  are 
compared  with  those  for  charge  exchange.  One  sees 
that  for  kinetic  énergies  £  ^  60  keV  (that  is  for  the 
whole  région  of  thermo-nuclear  interest),  the  charge 
exchange  cross-sections  are  larger  than  the  ionisation 
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Fig.  14.  —  Cross-sections  a  for  charge  exchange  and  ionisation 
of  neutral  hydrogen  atoms  (or  their  isotopes)  in  the  ground  state. 

cross-sections.  It  follows  from  this  that  energetic 
neutral  atoms  can  reach  the  walls  where  they  cause 
sputtering  of  wall  material  [73,  74].  This  represents  a 
source  of  impurities. 

Récent  calculations  [75]  for  the  future  Princeton 
Tokamak  TFTR  (now  under  construction)  have  led 
to  the  resuit  that,  due  to  charge  exchange  reactions,  the 
flux  of  charge  exchange  neutrals  will  correspond  to  a 
total  energy  loss  rate  of  1  MW,  that  the  mean  kinetic 
energy  of  a  neutral  atom  impinging  on  the  wall  will  be 
1.9  keV,  and  that  sputtering  of  the  stainless  steel 
walls  will  resuit  in  a  flux  of  1.5. 10^''  iron  atoms/m^  s. 
In  one  second,  one  will  build-up  a  mean  iron  impurity 
concentration  of  approximately  one  percent.  This  can 
prevent  thermonuclear  ignition. 

This  example  shows  how  important  are  technical 
solutions  which  minimize  sputtering  and  avoid  péné- 
tration of  impurities  into  the  plasmas.  Possible  solu- 
tions to  this  problem  are  the  formation  of  cold- 
plasma  blankets  [76],  mechanical  divertors  (scrape- 
ofi"  limiters)  [77]  or  magnetic  divertors  [78]  in  connec- 
tion with  the  development  of  materials  having  low 
sputtering  yields. 

6.2  The  dynamics  of  hélium.  The  idéal  fusion 
plasma  should  only  contain  D"*^  and  T^  ions  and  élec- 
trons at  températures  of  the  order  of  10**  K  =  10  keV. 
In  the  absence  of  thermonuclear  reactions,  the  only 
radiation  processes  would  be  electron-ion  bremsstrah- 
lung  and  cyclotron  radiation.  Both  processes  represent 
energy  losses  which  must  be  compensated  by  some 
heating  mechanism  in  order  to  avoid  cooling  of  the 
plasma.  In  a  continuously  operated  magnetically 
confined  D  -  T  fusion  plasma  (Tokamak  plasma), 
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this  heating  mechanism  will  be  provided  by  the  ther- 
monuclear  reaction  itself  : 

2£)  +  3j  ^  4j_fg  (-3  5  MeV)  +  'n  (14.1  MeV) .  (86) 

The  He-ions  (a  partiales)  produced  in  the  reaction  are 
captured  by  the  confining  magnetic  field.  At 
B  =  4  tesla  their  Larmor  radius  is  7  cm.  The  energetic 
a  particles  make  collisions  with  the  colder  ion-electron 
gas  and  heat  it  up  (so-called  a-particle  heating).  This 
heating  mechanism  also  compensâtes  energy  losses 
due  to  diflfusion  (charge  exchange,  heat  conduc- 
tion, ...)• 

The  production  of  hélium  nuclei  increases  the  ion 
charge  state  of  the  plasma  and,  thus,  the  bremsstrah- 
lung  losses.  The  plasma  must  therefore  continuously 
increase  its  température  in  order  to  compensate  the 
increasing  radiation  losses.  The  compensation  is 
possible,  since  the  power  of  the  fusion  reaction  (86) 
increases  exponentially  with  T  whereas  the  rate  of  the 
bremsstrahlung  losses  increases  only  proportionally 
to  T^'^  (for  the  détails,  see  e.g.  [79-80].)  The  fusion 
reaction  (86)  leads  to  a  kind  of  self-contamination. 
In  order  to  avoid  this  efîect  and  to  keep  the  energy 
losses  and  température  low,  a  rapid  exhaust  of  the 
hélium  is  désirable.  The  hélium  leaving  the  reactor  is 
then  replaced  by  new  fuel.  In  a  continuously  operated 
reactor,  the  hélium  can  only  leave  the  hot  reaction 
zone  by  diffusion.  Both  Coulomb-  and  atom-ion 
colhsions  can  play  a  rôle. 

The  physical  situation  is  shown  in  figure  15.  Hélium 
is  assumed  to  be  the  only  impurity  élément.  He^"^ 


will  be  produced  in  the  plasma  core.  The  exact  radial 
distribution  of  He^"",  He""  and  He°  will  dépend  on 
varions  collective  processes  but  also  on  individual 
atomic  reactions.  Let  us  consider  first  the  He^"^  ions. 

The  He^^  ions  can  be  transformed  in  He"^  and  He° 
by  différent  reactions.  In  a  future  reactors  collisions 
with  the  neutral  D°  and  T°  atoms  may  become  impor- 
tant. The  density  of  the  neutrals  is  not  zéro,  but  varies 
from  approximately  10^  cm'^  at  the  axis  to  10^°  cm"^ 
,  at  the  plasma  boundary.  Figure  16  shows  the  cross- 
sections  for  the  non-symmetrical  charge  exchange 
between  He^^  and  H°.  The  reaction 

He'+  +  H(ls)  He  +  (2s,  2p)  +  (87) 
has  an  accidentai  résonance  leading  to  an  especially 
large  cross-section. 
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Fig.  15.  —  Radial  distribution  of  hélium  in  a  hypothetical  D-T 
fusion  reactor,  and  possible  elementary  reactions  which  may  have 
an  influence  on  the  exhaust  of  hélium. 
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Fig.  16.  —  Charge  exchange  cross-sections  for  collisions  between 
He^*  ions  and  neutral  hydrogen  atoms  (which  can  be  considered  as 
représentative  for  the  isotopes  D  and  T),  after  [82-84]. 

In  a  fusion  plasma,  there  will  be  a  relatively  large 
number  of  excited  D°  and  T°  atoms  (compared  to 
those  in  the  ground  state).  Owing  to  the  extremely 
large  charge  exchange  cross-sections  for  the  excited 
levels,  the  excited  _  particles  can  play  a  rôle  in  the 
transport  of  the  hélium  ions.  The  change  from  He-^"^ 
to  He"^  leads  to  an  increase  of  the  Larmor  radius  and, 
thus,  contributes  to  the  diffusion  flux.  The  He"^  ions 
are  still  captured  by  the  magnetic  field. 

The  dynamics  of  the  He^  ions  will  now  dépend  on 
whether  back-ionisation  into  He^""  or  further  trans- 
formation into  He°  through  charge  exchange  or 
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recombination  occurs.  Back-ionisation  into  He^^ 
will  mainly  occur  through  électron  collisions.  Figure  17 
shows  the  relevant  ionisation  cross-sections. 
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Fig.  17.  —  Cross-s( 
after  [37],  [83-85]. 
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for  ionisation  of  He'^   into  He^*, 


Also  are  shown  the  cross-sections  for  ionisation 
by  proton  impact.  There  do  not  exist  any  studies  in 
which  the  relevant  atomic  collision  processes  have 
been  taken  into  account.  For  further  détails  concern- 
ing  the  exhaust  problem,  the  reader  is  referred  to  [81]. 

6.3  The  dynamics  of  oxygen.  —  Spécial  atten- 
tion must  be  paid  to  oxygen  which  is  found  with 

adsorbed  0  -  atoms 


here  charge 
exchange 
with  H» 


relatively  high  concentration  (0.5  to  5  "„)  in  nearly 
ail  Tokamak  plasmas.  The  physical  situation  is 
schematically  shown  in  figure  18.  Neutral  oxygen 
atoms  diffuse  from  the  walls  into  the  plasma-wall 
boundary  layer  where  they  are  ionised.  An  ionised 
oxygen  atom  is  captured  by  the  magnetic  field. 
Further  ionisation  will  lead  to  O^""  ions,  etc.  The  ions 
will  essentially  diffuse  due  to  Coulomb  collisions  and 
eventual  collective  effects.  However,  it  is  also  possible 
that  the  ions  undergo  charge  exchange  collisions  with 
neutral  hydrogen  atoms  according  to  the  reaction 

0+  +  H'^-^0°  +       .  (88) 

Thus,  the  neutral  oxygen  atom  can  again  diffuse 
across  the  magnetic  field.  Figure  19  shows  the  relevant 
cross-sections  intervening  in  the  ionisation  and  charge 
exchange  processes  [82,  86].  One  clearly  sees  that 
charge  exchange  can  play  a  dominant  rôle.  A  récent 
study  [87]  has  shown  that,  due  to  the  high  charge 
exchange  cross-section,  up  to  30%  of  the  oxygen 
atoms  leaving  the  walls  are  reflected  back  to  the  walls. 
In  this  study,  only  the  foUowing  three  reactions  were 
taken  into  account  : 

+  e-  +  e-  +  e-  (89a) 

0+  +      ->  O^^  +  e"  (89è) 

0+  +  H°  ^  0«  +       .  (89c) 
It  might  be  that  also  other  chemical  reactions  such  as  : 
0+  +       v±  OH+  +  H«  (90a) 
OH+  +      v±  0°  -H  H°  (906) 
0H<^  +  H°  ^  OH°  +  (90c) 
O2+  +  e-  ^  2  0°  +  (90c/) 
[H30]+  +  e-  ^[H^O]"  +  H°  (90c) 


0-he"-0'^  +  2e- 


HOT  PLASMA 
kT>  10  eV 


Fig.  18.  —  Diffusion  of  oxygen  through  a 
layer. 


Fig.  19.  —  Cross-sections  a  for  < 


E[eV] 

ygen,  after  [82,  85]. 
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are  of  importance  in  the  immédiate  vicinity  of  the 
walls.  Corresponding  studies  are  missing  in  the  litté- 
rature. 

6 . 4  Radiation  losses.  —  High  Z-impurities  —  even 
in  very  small  concentrations  —  in  thermonuclear 
fusion  plasmas  can  lead  to  high  radiation  losses. 
This  can  have  severe  conséquences  for  the  global 
energy  balance  in  future  thermonuclear  reactors. 
The  same  problem  is  met  in  present-day  fusion 
research  machines  of  the  Tokamak  type. 

Figure  20  shows  how  the  différent  physical  pro- 
cesses contribute  to  the  power  loss  of  the  Tokamak 
TFR-400  [90].  The  mean  radius  of  the  torus  is 
R  =  %  cm,  the  outer  plasma  radius  is  r  =  20  cm,  r 
being  the  distance  from  the  center  of  the  plasma. 
The  figure  shows  the  power  which  is  deposited  in  a 
plasma  volume  defined  by  the  value  of  r  and  the  power 
which  is  lost  through  the  surface  surrounding  the 
plasma  at  r.  In  the  case  of  figure  20a,  the  plasma  is 
only  heated  by  the  electric  current  circulating  in  the 
plasma  (ohmic  heating).  The  power  density  is  Q, 
see  eq.  (19).  In  the  case  of  figure  20b,  the  plasma  is 
additionally  heated  by  an  energetic  neutral  particle 
beam  with  power  density  /.  In  the  first  case,  the  total 
power  input  is  570  kW,  in  the  second  case  870  kW. 
One  sees  that  approximately  50  %  of  the  total  energy 
are  lost  in  form  of  radiation.  The  latter  contributes 
especially  in  the  outer  zones  to  the  energy  loss. 

In  a  pure  completely  ionised  hydrogen  (D  -  T) 
plasma  the  only  radiation  loss  originates  from  free- 
free  bremsstrahlung  radiation  and  cyclotron  radia- 
tion. But  already  small  admixtures  of  heavy  species 
increase  the  radiation  loss  considerably  :  as  long  as 
the  atomes  are  not  completely  stripped,  electronic 
excitation  will  cause  intense  bound-bound  radiation  ; 
also  electron-ion  recombination  will  partly  be  res- 
ponsible  for  this  enhanced  radiation  loss  (free-bound 
and  dielectronic  recombination  radiation),  see  eq.  (20). 
The  contribution  of  the  free-free  radiation  of  not 
completely  stripped  atoms  is  small.  However,  for 
completely  ionised  particles  the  power  density  of  the 


Fig.  20.  —  Power  input  into  the  french  Tokamak  TFR-400  as  a 
function  of  radius,  and  contribution  of  the  various  processes  to  the 
power  loss,  after  [90].  a)  only  ohmic  heating,  h)  ohmic  heating 
plus  neutral  particle  injection  heating. 


bremsstrahlung  caused  by  impurities  can  dominate 
the  radiation  loss  of  a  plasma  completely. 

The  radiation  losses  caused  by  impurities  in  Toka- 
maks  are  generally  calculated  in  the  frame  of  the 
corona  model,  because  of  the  very  high  électron 
températures  and  relatively  low  électron  densities. 
Figure  21  gives  an  example  for  molybdenum  which 
has  been  used  in  Tokamaks  as  current-limiting 
diaphragme.  The  individuel  contributions  to  the  total 
power  loss  have  been  typified  in  eq.  (20).  Similar  cal- 
culations  have  been  carried  out  in  différent  labora- 
tories  for  many  other  impurity  species  and  the  data 
■  are  available  in  the  literature.  In  more  sophisticated 
model  calculations  also  spatial  relaxation  effects  due 
to  diffusion  are  taken  into  account  [92].  The  application 
of  the  corona  model  —  with  superposed  diffusion 
fluxes  of  the  ground  state  ions  —  gives  satisfactory 
results  for  the  global  radiative  loss  rates.  However, 
the  application  of  this  model  to  the  calculation  of  the 
intensity  of  spécial  spectral  Unes  may  in  some  cases 
lêad  to  erroneous  results,  due  to  strong  collisional 
coupling  between  various  levels  compared  to  radia- 
tive coupling  by  spontaneous  de-excitation.  If  such 
spectral  lines  are  used  for  diagnostic  purposes,  their 
intensities  should  be  calculated  in  the  frame  of  a  more 
gênerai  collisional-radiative  model  in  which  ail  impor- 
tant reactions  are  taken  into  account.  Especially 
charge  exchange  reactions  into  excited  levels  should 
be  taken  into  account.  For  further  détails  see  e.g. 
the  review  [88]. 


kTe[KeV] 

Fig,  21.  —  Radiation  loss  rate  for  molybdenum.  «  «,  «m,,  is  the 
power  density  radiated  per  électron  and  per  molybdenum  particle, 
after  [91].  The  individual  contribution  have  been  defined  in  eq.  (20). 

7.  Summary  and  conclusion.  ^  In  order  to  under- 
stand  the  physical  (and  also  the  chemical)  properties  of 
non-L.T.E.  plasmas  one  has  to  study  in  détail  the 
coupled  System  of  collisional-radiative  équations  for 
the  particle  densities,  momenta  and  énergies.  Owing 
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to  the  complexity  of  the  problcm  in  gcncral,  and  due  to 
the  sometimes  scarce  knowledge  of  the  reaction 
processes  in  particular,  many  simplifying  assumptions 
have  often  to  be  made.  In  this  paper,  three  différent 
types  of  non  L.T.E.  plasmas  have  been  treated  :  glow 
discharge,  négative  ion  and  Tokamak  plasmas.  The 
discussion  has  been  restricted  to  stationary  and  quasi- 
stationary  states  and  to  laser-induced  fluorescence. 
In  selected  examples  it  has  been  shown  how  the 
application  of  the  rate  équations  permits  to  interprète 
and  to  calculate  spécial  plasma  properties  on  the 
one  hand,  and  how  the  rate  équations  allow  to  extract 
information  about  spécial,  dominant  collision  pro- 


cesses and  to  détermine  their  rate  coefficients  on  the 
other  hand.  In  principle,  quite  similar  problems  are 
encountered  in  ail  other  types  of  non-L.T.E.  plasmas, 
fast  transient  plasmas  included  with  the  additional 
difficulty,  however,  that  the  time-dependent  coupling 
may  require  the  treatment  of  a  (much)  larger  number 
of  coupled  rate  équations  compared  to  the  stationary 
and  quasi-stationary  states.  —  The  processes  which 
are  taken  into  account  in  the  rate  équations  should 
satisfy  the  condition  of  micro-reversibility.  When 
this  condition  is  not  fulfilled,  the  rate  équations  lead 
to  inconsistent  results  from  the  thermodynamic  point 
of  view. 
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Abstract  -  In  the  paper  a  gênerai  idea  of  deterministic  (classical)  approach  to  atomic  collision  phenomena 
,s  presented  The  key  points  of  the  theory,  which  has  the  concept  of  a  point  électron  carrying  a  point  mass  and 
a  point  charge  as  a  basis,  are  bnefly  explained.  The  binary  encounter  approximation  (b.e.a.)  and  the  unperturbed 
collective  field  approximation  (u.c.f.a.),  the  two  fundamental  ways  of  approximate  analys.s  of  the  many  body 
atomic  collision  problem  are  described  and  application  of  the  both  to  calculation  elementary  processes  in  a  plasma 
is  shown  Possib.lity  of  précise  estimation  the  value  of  the  Coulomb  logarithm  is  analysed  and  new  point  of  view 
on  the  concept  of  the  screenmg  radius  is  presented.  Perspectives  of  the  determmistic  approach  are  discussed. 


1 .  Introduction.  —  The  huge  variety  of  phenomena 
that  are  observed  in  ionized  gases  has  the  origin  in  a 
relatively  small  number  of  atomic  processes.  The 
colUsional  ionization,  which  is  the  main  source  of  free 
charges  in  a  plasma,  is  one  of  the  most  important 
among  them.  Slowing  down  of  charged  particles 
is  the  other  important  process,  which  along  with  the 
colHsional  ionization  plays  the  décisive  rôle  in  elec- 
trical  break-downs.  Current  flow  and  heat  transport 
are  almost  in  whole  determined  by  électron  scattering 
properties  of  atoms  and  molécules.  Atomic  scattering 
cross  section  is  involved  in  any  calculation  considering 
the  transport  properties  of  ionized  gases.  Capture  and 
excitation  are  the  other  two  quantities  which  must  be 
taken  into  account  in  most  of  the  plasma  calculations. 

Thèse  and  many  other  processes  can  be  relatively 
easily  described  on  the  grounds  of  the  assumption 
that  the  atom  can  be  considered  as  a  collection  of 
point  particles,  the  behaviour  of  which  is  in  the  first 
instance  governed  by  the  Newtonian  dynamics  and 
the  Coulomb  interaction. 

Here  the  main  points  of  the  theory  which  has  the 
above  assumptions  as  a  basis,  and  in  fact  was  initiated 
at  the  beginning  of  the  twentieth  century  with  a 
famous  work  of  Rutherford  [1]  and  with  eliminated 
by  quantum  mechanics  works  of  Thomson  [2], 
Thomas  [3]  and  Williams  [4],  will  be  briefly  described 
and  applicability  of  the  theory  to  analysis  of  processes 
in  ionized  gases  will  be  discussed. 

2.  Mathematical  formulation  of  the  atomic  collision 
problem.  —  With  the  assumption  that  électrons  and 
nuclei  can  be  considered  as  point  particles  carrying 
a  point  charge  {q)  and  a  point  mass  {m)  the  whole 
collision  problem  becomes  reduced  to  analysis  of  the 
foUowing  set  of  équations 


where  the  number  of  équations  is  equal  to  the  total 
number  of  particles  involved  in  the  collision.  For 
solving  the  problem  2  n  constants  defining  initial 
conditions  must  be  specified.  In  atomic  collision  pro- 
blem those  are  :  two  sets  of  constants  Cf  and  C? 
describing  the  internai  motion  of  électrons  in  isolated 
atoms,  A  and  B,  and  data  describing  the  initial  motion 
of  the  whole  atoms  in  space.  Among  the  latter  are  : 
the  relative  velocity  of  atoms  -  v,^i,  and  two  coordi- 
nates,  the  impact  parameter  D  and  the  angle  6>, 
which  in  the  plane  perpendicular  to  the  vector  of 
relative  velocity  localise  initial  atomic  trajectories 
in  space  (see  Fig.  1).  AU  C^,  which  describe  the  beha- 
viour of  ail  électrons  of  the  colliding  atoms  before 
coUision,  change  in  resuh  of  collision  to  C^.  The  ail  C^' 
become  known  with  solving  the  whole  system  of 
eq.  (1).  If  relations  between  and  are  known, 
that  is  the  foUowing  relation  is  known 


=  1,2, 


=  /,(AÊ);Ci,C2,...,C., 


2,),  (2) 


the  cross  section,  which  détermines  probabiUty  of 
definite  change  in  C.(C.  ->  C^)  that  is  the  probability 
of  definite  change  in  the  state  of  colliding  atoms  can  be 





(1) 


fl-^.|4^M,(D,0|D.Dd» 

Fig.  I.  -  Ihe  collision  between  two  sets  of  charged  particles  A 
and  B  is  defined  by  internai  motion  of  thcir  components  (by 
and  n„  constants  C'"  and  Cf),  the  initial  relative  velocity  r„„  the 
impact  parameter  D  and  the  azimuthal  orientation  of  the  shol 
line  0.  Cross  section  represents  the  sum  ofsurlace  éléments  D  ôD  d© 
for  which  the  considered  change  i  in  the  motion  of  the  whole 
System  or  its  components  is  observed. 
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calculated.  Cross  section  which  is  formally  defined 
in  the  foUowing  way  [5] 


5[q  -  /.(D,  0)]  DdDd0  ,  (3) 


represents  thus  the  sum  of  surface  éléments  D  dD  d0 
for  which  relation  (2)  is  fulfilled  (see  Fig.  1). 

This  formally  trivial  problem  encounters  great 
mathematical  difficulties  [6,  7].  Isolated  collision 
between  two  elementary  particles,  that  is  the  binary 
encounter,  is  the  only  case  for  which  the  exact  analy- 
tical  solution  is  known.  Collisions  in  which  three 
elementary  particles  are  involved  represents  in  fact 
the  limit  of  exact  numerical  analysis.  Practically, 
the  only  way  of  describing  the  collision  processes 
which  in  ionized  gases  play  the  important  rôle  are 
approximate  methods. 

The  well  known  binary  encounter  approximation 
(b.e.a.)  is  one  of  them  [5-10].  In  this  approximation 
the  collision  between  two  Systems  of  charged  par- 
ticles (atoms,  molécules)  is  considered  as  a  sum  of 
independent  binary  collisions  between  the  compo- 
nents  of  the  both  Systems.  In  such  a  case,  which  in 
gênerai  is  valid  at  large  relative  velocities  of  the  Sys- 
tems, the  cross  section  has  the  form  : 

<^  =  ï  .1  \\^^^'^^  ' 

(4) 

where  /^(v,^)  and  feiy^),  being  called  the  velocity 
distribution  functions,  describe  in  a  probabilistic  way 
the  motion  of  individual  particles  in  isolated  Systems, 
A  and  B,  and  <T^-^  i\f,  Vj)  is  the  binary  encounter  cross 
section. 

The  other  completely  différent  approach,  valid  in 
gênerai  at  weak  interaction  between  Systems,  at  large 
distances  between  Systems,  deals  with  the  interaction 


Fig.  2.  —  In  the  binary  encounter  approximation  (b.e.a.)  atomic 
cross  sections  is  the  sum  of  cross  sections  for  collisions  with  atomic 
components  (usually  with  atomic  électrons). 


of  the  whole  Systems  through  unperturbed  collective 
fields  [11].  Formally,  this  is  again  the  two  body  pro- 
blem, however  now  with  very  complicated  interac- 
tion. To  reduce  mathematical  difficulties  and  to 
enable  physical  interprétation,  the  atomic  potential 
is  usually  expanded  in  séries  and  a  few  of  the  first  terms 
of  the  expansion  are  used  in  calculations.  Expérience 
show  that  in  many  cases  it  is  sufficient  to  operate 
with  the  two  first  terms  of  the  expansion  only  —  the 
one  which  describes  the  static  part  of  the  field  and  the 
second  which  describes  time  variations  of  the  field. 
Interaction  between  atoms  can  therefore  be  reduced 
to  the  atomic  potential  function  of  the  foUowing 
form  : 

C^(f)  C  (r) 

<^>'0^-^sin(coO  +  -^,  (5) 

where  coefficients  and  C„  represent  the  main 
electric  multipoles  and  their  Fourier  components.  If  ail 
coefficients  describing  the  atomic  field,  that  is  «,  m, 
C",  C„  and  co,  are  known  trajectories  of  colliding 
atoms  can  be  determined,  and  cross  section  describing 
some  sort  of  phenomena,  elastic  collisions  for  instance, 
can  be  calculated. 


point  électrons 


Fig.  3.  —  Atomic  potential  al  large  dislances  from  Ihe  alom  can  be 
reduced  to  the  two  terms  of  the  séries  expansion  —  the  static  and 
dynamic  (oscillatory)  multipole. 


3.  Initial  conditions  for  the  atomic  collision  problem. 

—  To  carry  out  concrète  collisional  calculations  some 
at  least  informations  about  the  colliding  atoms 
(molécules)  must  be  known.  To  dérive  the  ionization 
cross  section  for  instance,  one  must  know  how  the 
électrons  in  the  atom  (molécule)  are  grouped,  what 
are  the  binding  énergies  of  électrons  and  roughly  what 
their  motion  is.  Let  us  dénote  the  number  of  électrons 
in  the  s  shell  by  N^,  the  ionization  potential  by  U- 
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and  the  atomic  velocity  distribution  function,  which 
describes  the  motion  of  électrons  in  the  -respective 
shell  of  the  atom,  by  Then  in  the  binary 

encounter  approximation  the  ionization  cross  section 
formula,  has  the  form  : 


(6) 


where  the  sum  is  taken  for  ail  shells  of  the  atom  and 
of  '-  is  the  binary  encounter  ionization  cross  section. 
Distribution  of  électrons  and  binding  énergies,  until 
we  are  not  concerned  with  complicated  molécules, 
are  known  sufficiently  well.  It  is  not  in  the  case  of  the 
velocity  distribution.  The  knowledge  of  the  velocity 
distribution  function  which  is  in  fact  équivalent  to  the 
knowledge  of  the  ail  détails  of  the  électron  motion 
in  the  atom,  is  at  the  moment  very  unsatisfactory. 
In  some  calculations,  however,  the  détails  of  the 
électron  motion  play  a  secondary  rôle  and  the 
knowledge  of  the  mean  électron  velocity  T^^  in  the  shell 
can  be  quite  satisfactory.  The  électron  ionization 
cross  section  for  instance  can  be  calculated  with  a 
relatively  high  degree  of  accuracy  from  the  following 
simplified  relation  : 


(7) 


This  is  a  sufficiently  good  procédure  in  the  case  of 
ionization  by  fast  heavy  charged  particles  too,  but  it 
yields  completely  wrong  results  in  the  case  of  ioniza- 
tion by  slow  heavy  particles  [8,  12- 142  (if  ^^^^^'^^^^ 
the  latter  are  distinctly  smaller  than  T^).  This  follows 
from  the  fact  that  the  greatest  amount  of  energy  which 
can  be  transfered  to  the  light  électron  from  the  heavy 
projectile  dépends  upon  the  velocity  of  the  previous 


(8) 


Fig.  4.  Free-fall  atomic  model  - 
précise  description  of  the  atom. 


the  tirst  step  towards  the 


angular  momentum  exactly  radial  électron  orbits, 
the  électron  velocity  distribution  function  has  the 
form  : 


(10) 


Ionization  can  exist  until  AE^^^  <  Ui,  that  is  until  the 
projectile  velocity  is  high  enough  —  higher  than  the 
threshold  velocity  y'J",  which  at     >  is 


With  the  free-fall  velocity  distribution  as  given  above 
many  calculations  were  carried  out  and  good  agree- 
ment  with  expérimental  data  was  obtained  [13,  14,  18]. 

Within  the  unperturbed  collective  fields  approxi- 
mation effective  calculations  are  possible  if  at  least 
first  multipoles  of  the  atomic  field  expansion  in  séries 
are  known.  Unfortunately  the  knowledge  of  the  latter, 
because  of  inquisitorial  attitude  of  the  quantum- 
mechanics  ideology  towards  the  classical  concepts  of 
atomic  physics  [16-20]  is  almost  none.  At  the  moment 
only  very  rough  atomic  model  do  exist  (free-fall 
atomic  model)  and  the  rich  expérimental  material  of 
atomic  collision  physics  and  spectroscopy,  which 
implicitly  contains  valuable  informations  about  the 
atomic  field,  needs  reinterpretation  in  the  spirit  of  the 


(9) 


It  follows  from  the  above,  that  nontrivial  threshold 
(at  >  Ui)  disappears  with  the  électron  velocity 
approaching  infinity.  Since  the  threshold  is  not 
experimentally  observed  the  following  conclusion  can 
be  drawn  :  électron  velocities  in  the  atom  are  unli- 
mited.  The  only  possibility  of  satisfying  the  above 
conclusion  is  synchronie  zéro  angular  momentum 
motion  of  ail  atomic  shell  électrons  [15-17].  This  is 
the  motion  which  in  the  early  twentiets  was  considered 
by  Bohr  and  Sommerfeld  and  was  rejected  on  the 
basis  of  arguments  which  in  view  of  the  later  disco- 
vered  properties  of  the  électron  appeared  to  be 
invalid  [16]. 

In  the  case  of  a  free-fall  atomic  model,  with  zéro 


Fig.  5.  —  Fjection  ol  électrons  honi  hélium  atom  by  protons  — 
one  of  many  expcrmients  invcstigated  on  the  grounds  of  classical 
collision  theory.  Frce-lall  atomic  model  yields  results  which  are  in 
excellent  agreemcnt  with  the  expérimental  data. 
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deterministic  concepts  outlined  above  (in  quantum- 
mechanical  approach  atomic  interaction  appears  as  a 
resuit  of  polarization  of  initially  exactly  spherical 
distribution  of  a  static  électron  cloud  while  in  the 
Newton-Coulomb  approximation  the  interaction  is 
determined  by  the  time  dépendent  and  aspherical 
from  the  very  beginning  potential  of  the  collection 
of  point  charges  being  in  dynamic  equilibrium). 

In  resuit  of  reinterpretation  of  the  low  energy 
electron-atom  and  atom-atom  scattering  data  [11] 
the  two  leading  terms  of  the  atomic  field  of  noble 
atoms  were  deciphered.  Those,  excluding  two-electron 
HeUum  atom,  are  :  dynamic  quadrupole  and  static 
octupole.  In  spherical  coordinates  the  atomic  potential 
of  the  noble  atom  has,  therefore,  the  form  : 

^cos-0-1  .  „  sin^  0  cos^  (/) 

(p{r,  t)  ^  A  r  sm  œt  +  B  , 

fi  f 

(11) 

and  the  only  différence  between  différent  noble  atoms 
is  in  the  value  of  coefficients  A  and  B,  and  oi. 

In  the  same  way  it  has  been  found  that  dynamic 
octupole  is  the  first  term  of  the  séries  expansion  of  the 
field  of  the  hydrocarbon  molécules  C„H„  +  2  and 
dynamic  dipole  is  characteristic  for  the  chemical 
7r-bond  [11]. 

Investigation  of  atomic  energy  level  shifts  [21], 
which  are  directly  related  to  the  déviation  of  the 
atomic  core  potential  from  the  Coulomb  potential, 
leads  to  the  similar  conclusions.  Analysis  of  energy 
level  shifts  of  alkalic  metals,  which  have  the  noble- 
atom  like  atomic  core,  shows  again  that  the  octupole 
is  a  leading  term  of  a  static  part  of  the  atomic  field  of 
the  noble  atoms. 

4.  Présent  possibilities  of  the  classical  collision 
theory.  —  Effective  application  of  the  classical  colli- 
sion theory  to  analysis  of  elementary  processes  in 
ionized  gases  encounters  two  séries  of  difficulties  : 
mathematical,  as  we  are  concemed  with  the  many 
body  problem,  and  physical,  as  the  knowledge  of 
atomic  Systems  specifying  initial  conditions  of  the 
collision  problem  is  at  the  moment  only  fragmentary. 

Nevertheless,  at  the  présent  knowledge  of  atomic 
Systems,  and  with  the  two  approximate  methods  of 
analysis  described  above  that  is  with  the  b.e.a.  and 
with  the  u.c.f.a.  some  processes  can  be  with  accuracy 
satisfactory  for  plasma  investigations  effectively  cal- 
culated.  Among  others  are  : 

a)  ionization  (including  inner  shell  ionization  and 
multiply  ionization), 

b)  excitation  (including  some  «/  -  «'/'transitions), 

c)  slowing  down, 

d)  scattering  of  électrons  from  atoms  and  molé- 
cules, 

e)  atom-atom  interactions. 


The  first  three  are  those  which  can  be  effectively 
described  with  the  b.e.a.  and  the  other  two  with  the 
u.c.f.a. 

In  the  binary  encounter  approach,  energy  exchange 
cross  section  a^g,  which  describes  transfers  of  energy  in 
a  collision  between  two  charged  particles,  forms  the 
basis  for  almost  ail  basic  inelastic  collision  calcula- 
tions.  In  resuit  of  appropriate  intégrations  over 
one  obtains  : 

a)  ionization  cross  section 

iA£max 
a^,diAE),  (12) 


b)  excitation  cross  section 


Oae  d(A£) , 


c)  stopping  power 


A£max 


d(A£) , 


(13) 


(14) 


where  the  symbols  U,,  U„,  AE~^^  and  A^^ax  stand 
respectively  for  :  ionization  potential,  excitation 
potential,  and  for  the  maximum  gain  and  loss  of 
energy  in  the  individual  binary  collision. 

Since  b.e.  cross  sections  dépends  upon  velocities  of 
colliding  particles  averaging  over  and  must  be 
carried  out  to  obtain  experimentally  observed  cross 
sections.  Usually  averaging  over  relative  orientation 
of  velocity  vectors  is  the  first  step  of  calculations 

(15) 

while  averaging  over  the  atomic  électron  velocity  is 
the  next  step  of  calculations 


)./%gd(0- 


(16) 


This  is  the  final  formula  of  atomic  collision  physics. 
In  plasma  physics  and  in  the  physics  of  ionized  gases 
averaging  over  that  is  over  velocity  of  plasma 
particles  must  be  yet  carried  out  : 


(17) 


The  two  important  distribution  functions  describ- 
ing  some  ideaHstic  situations  in  a  plasma  are  : 

a)  Maxwell  distribution  function  (describing  the 
velocity  distribution  in  a  thermal  equilibrium  plasma). 

b)  Druyveistein  distribution  function  (describing 
the  velocity  distribution  of  électrons  in  the  gas  at 
présence  of  electric  field). 
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The  other  velocity  distribution  lunction  derived 
recently  during  the  analysis  of  magnetically  insulated 
discharges,  which  play  the  fundamental  rôle  in  ion 
beam  fusion  investigations,  is  the  électron  velocity 
distribution  function  for  collisionless  plasma  at  pré- 
sence of  crossed  electric  and  magnetic  fields.  At 
negligibly  small  électron  température  the  distribu- 
tion has  the  form  : 

(18) 


5.  Coulomb  logarithm  and  the  screening  radius.  — 

The  energy  loss  function  S  plays  a  fundamental 
rôle  in  analysis  of  transport  properties  of  a  plasma. 
It  détermines  for  instance  extremely  important  in 
plasma  research  —  the  relaxation  rates  ;  the  précise 
knowledge  of  5  is  necessary  in  analysis  of  pénétration 
the  charged  particles  in  différent  targets,  particularly 
for  calculation  of  deposits  of  energy  in  solid  or  gaseous 
pellets  in  ion  beam  fusion.  Unfortunately  the  loga- 
rithmic  term  appearing  in  the  binary  encounter  for- 
mula: 


where  u  is  the  dimensionless  électron  velocity 


(19) 


Qie) 


(20) 


b)  if  the  leading  term  of  atomic  field  expansion  is  a 
dynamic  multipole  [11] 


(21) 


for  small  velocities  , 


where  E  is  the  energy  of  scattered  particle. 

Excluding  the  above  and  few  other  spécifie  cases, 
numerical  analysis  is  the  only  possibility  of  effective 
calculations  of  concrète  plasma  coUision  problems 
in  unperturbed  collective  field  approximation. 


5  oc  In 


(22) 


With  the  présent  computer  technique  ail  the  cross 
sections  listed  above  can  be  relatively  easily  calculated 
(see  for  instance  Freeman  and  Jones  [22]). 

Analysis  of  processes  within  u.c. fa.  is  a  little  bit 
more  difficult,  as  one  must  usually  start  with  numerical 
calculation  of  the  individual  particle  orbit.  Possibili- 
ties  of  deriving  the  cross  sections  in  analytical  form 
are  almost  none.  In  u.c.f.a.  the  latter  can  obtain- 
ed  in  very  spécifie  situations  only.  Collisions  at  large 
impact  parameters  in  one  of  them,  as  the  relation 
between  the  scattering  angle  6,  which  is  very  small 
then,  and  the  impact  parameter  D  can  be  obtained 
in  analytical  form.  If  moreover  the  relation  9  =  f{D) 
can  be  explicitly  solved  with  respect  to  D  the  scattering 
cross  section  in  explicite  form  can  be  determined. 
It  is  for  instance  possible  when  the  atomic  field  des- 
cription can  be  reduced  to  the  one  term  of  the  séries 
expansion.  The  scattering  cross  section  has  then  the 
form  : 

a)  if  the  leading  term  of  atomic  field  expansion 
is  a  static  multipole  [23] 


contains  not  well  specified  the  impact  parameter  D„^^. 
Usually,  in  plasma  calculations  D^^^  is  assumed  to  be 
equal  to  the  Debye  radius  ;  in  atomic  stopping  power 
calculations  one  assumes,  following  Bethe,  that  e^/D^^^ 
is  equal  to  the  mean  ionization  potential  of  the  atom. 
The  argument  of  the  logarithm  in  the  first  case  is 
usually  a  large  number  and  the  whole  term,  called  the 
Coulomb  logarithm,  is  in  plasma  calculations  consi- 
dered  a  constant  quantity  with  the  value  somewhere 
between  10  and  20. 

Intuitive,  not  exactly  équivalent  in  the  both  cases, 
physical  reasoning  was  the  only  justification  for 
estimation  of  D^^^  [24].  The  problem  has  however  a 
more  rigorous  solution.  The  latter  can  be  achieved 
by  applying  the  appropriate  method  of  mathema- 
tical  analysis.  This  is  the  method  of  perturbation 
calculus  developed  by  Gauss  for  analysis  of  évolution 
of  planet  any  orbits.  Simple  analysis  shows  that  the 
energy  which  can  be  transfered  to  the  électron  bound 
in  the  Coulomb  field  of  nucleus  from  the  charged 
particle  moving  at  a  distance  D  from  the  atom,  at 
distances  much  larger  than  the  distance  between  the 
nucleus  and  the  électron,  is 


AE  ^2- 


(23) 


where  co  is  the  angular  frequency  of  the  orbital  motion 
of  the  électron,  is  the  velocity  of  the  projectile 
and  Zg.e  is  its  charge.  Until  D  is  smaller  than  vjœ 
the  interaction  between  the  bound  électron  and  pro- 
jectile can  be  considered  as  the  isolated  binary  colli- 
sion. When  the  impact  parameter  becomes  larger  than 
vjo),  the  interaction  between  the  électron  and  the 
nucleus  becomes  dominant  and  a  rapid  decrease  in 
energy  transfer  is  observed.  It  is  évident  from  the 
above  that  : 

^max  =  vjoj .  (24) 

The  resuit  will  be  exactly  the  same  if  one  assumes 
that  the  électron  is  not  exactly  free  but  is  bound  around 
some  fixed  point  of  space  with  a  small  but  the  finite 
force  proportional  to  the  displacement 

ôf  ^  -  kAr  . 
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The  resuit  again  has  the  form  of  eq.  (23),  where  now 
co  =  .  (25) 

In  the  case  of  plasma  électrons,  which  are  bound 
with  heavy  ions  through  collective  fields,  the  binary 
encounter  limit  is  determined  by  the  plasma  frequency 

cop,  =  {4nn^.e^/m^y^^  .  (26) 

In  the  particular  case  of  the  heavy  particle  moving 
in  a  plasma  with  a  thermal  velocity,  eq.  (24)  and  (26) 
yield  the  following  formula  : 

D^Jœ  -  cop, ,      =  -df        =  {kT/4  nn^.e^^'  , 

(27) 

which  represents  nothing  else  than  Debye  radius. 

In  gênerai  however  D^^^  is  différent  from  the  Debye 
radius  and  the  formula  (24)  should  be  used.  The 
correct  expression  for  the  Coulomb  logarithm,  there- 
fore,  is  : 

,n^.ln(|4M,  ■  (28) 

where  w  implicitly  represents  the  interaction  of 
électrons  with  heavy  components  of  the  matter 
(with  positively  charged  nuclei). 

6.  Other  possibilities  of  the  theory.  —  Although 
b.e.a.  and  u.c.f.a.  play  the  décisive  rôle  in  analysis 
of  atomic  collisions,  there  are  some  processes  which 
need  for  interprétation  other  or  more  précise  mathe- 
matical  treatment,  or  which  within  the  Coulomb 
interaction  law  and  newtonian  dynamics  can  not  be 
interpreted  at  ail. 

The  capture  of  électrons  by  protons,  for  instance, 
represents  the  first  case.  It  is  a  typical  three  body 
problem,  which  only  numerically  can  be  accurately 
solved.  One  can  try  to  find  of  course  the  appropriate 
approximate  methods  —  the  concept  of  the  switched 
binary  encountery  collision  is  one  known  possi- 
bility  [4, 25]  and  two-fixed  center  problem  is 
another  [26]. 

The  excitation  and  ionization  through  cumulation 
small  amounts  of  energy  is  a  process  which  in  some 
cases  may  be  extremely  important.  The  process  can  be 
very  effectively  investigated  with  the  mentioned 
above  the  perturbation  method  of  Gauss  [27].  Analysis 
of  ionization  in  many  électron  atom  colhsions  requires 
inclusion  of  statistics  to  binary  encounter  calcula- 
tions  [28,  29]. 

Some  important  features  of  the  small  angle  scatter- 
ing  can  be  found  on  the  grounds  of  the  second  order 
perturbation  calculus  [30].  It  has  been  found  for 
instance  that  quasipotential  of  the  dynamic  multipole, 
including  the  second  order  term,  has  the  form 


where  e  is  much  smaller  than  unity  (in  resuit  quasi- 
potential of  the  noble  atom  as  seen  by  slowly  moving 
charge  has  the  form  shown  in  figure  6). 


Fig.  6.  —  Quasipotential  of  the  noble  atom,  as  seen  by  slowly 
moving  électron. 


The  problems  which  remain  outside  the  scope  of 
the  Coulomb-Newton  approximation  are  of  course 
radiation  phenomena  —  which  as  it  has  been  shown 
previously  are  related  with  the  gyromagnetic  pro- 
perties  of  the  électron  [31-33].  Gyromagnetic  pro- 
perties  of  the  électron  play  an  important  rôle  in 
orientation  of  atoms  in  external  fields,  what  in  some 
particular  colhsion  problems  may  be  important.  The 
other  process  which  cannot  be  investigated  with  spin 
properties  of  the  électron  being  neglected  are  polari- 
sation effects. 

At  the  moment,  however,  the  mam  limitations  in 
application  ofthe  classical  collision  theory  to  practical 
problems  arise  from  the  lack  of  information  about 
the  électron  orbits  in  atomic  Systems.  Further  possi- 
bilities of  effective  description  of  processes  in  ionized 
gases  of  practical  interest  dépend,  therefore,  mostly 
on  further  progress  in  deciphering  of  the  electronic 
structure  of  atomic  Systems.  Atomic  collision  physics 
may  help  much  in  solving  this  problem  as  investigation 
of  atomic  Systems  can  be  carried  out  with  properly 
designed  atomic  collision  experiments. 
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Formation  of  hydrogen  négative  ions  by  surface  and  volume  processes 
with  application  to  négative  ion  sources 

J.  R.  Hiskes 

Lawrence  Livcrmore  Laboralory,  University  of  California  Livermore.  California  94550,  U  S  A. 

Abstract  -  Three  methods  for  the  formation  of  négative  ions  are  rev.ewed  :  double  charge-exchange,  whereby 
Tow  energy  pos.fve  .ons  are  converted  to  negat.ve  .ons  by  two  sequent.al  électron  captures  m  a  vapor  target 
^-t  on-volum  processes  where.n  low-energy  électrons  lead  to  negat,ve-on  formation  by  d.ssoc.afve  attachmen 
or  d  ssoc  a  ve  re'combmat.on  by  colHs.ons  wth  hydrogen  molécules  or  hydrogen  '«^-^^J^^^^^^^ 
processes  leadmg  to  negat.ve  ,ons  by  backscattermg  or  desorpt.on  mduced  by  energetic  particle  bombardment. 
îhe  application  of  thèse  method  to  the  development  of  hydrogen-negat.ve-ion  sources  is  d.scussed. 


During  the  last  few  décades  interest  in  negative- 
hydrogen  ion  sources  has  been  directed  mainly 
toward  synchrotron  and  other  particle  accelerator 
applications,  with  emphasis  on  high  current  densities 
delivered  for  short  puises.  But  within  the  last  several 
years  there  has  been  an  awareness  in  the  magnetic 
fusion  program  of  the  future  need  for  négative  ions  as 
a  means  for  generating  high  energy  neutral  beams, 
beams  with  énergies  above  a  few  hundred  keV. 
Négative  ions  seem  to  be  the  only  effective  interme- 
diary  for  efficiently  producing  such  beams.  Although 
methods  for  generating  négative  ion  beams  have 
relied  upon  synchrotron  concepts,  the  requirements 
for  fusion  are  very  différent  :  here  one  is  interested  in 
more  moderate  current  densities,  up  to  100  mA  cm  ^ 
but  with  continuons  opération.  Proposed  source 
modules  would  accelerate  of  the  order  of  10  A  of 
beam  current  and  deliver  several  mégawatts  of  beam 
power.  Both  H"  and  D  beams  are  being  considered 
for  application  in  différent  reactor  Systems. 

The  conceptualization  of  négative  ion  sources  is 
now  in  a  very  volatile  stage.  But  of  the  great  variety 
of  proposais  that  have  been  offered  to  date  [1-4],  three 
gênerai  areas  appear  ready  for  development.  Thèse 
are  :  first,  the  double  charge  exchange  method  for 
converting  a  positive  ion  beam  into  a  négative  ion 
beam  ;  second,  electron-volume  processes  wherein  low 
energy  électrons  interacting  with  molecular  species 
lead  to  négative  ion  products  via  dissociative  attach- 
ment  or  recombination  ;  and  third,  génération  of 
négative  ions  in  surface  interactions,  principally  via 
desorption  and  backscattering.  Both  our  qualitative 
and  our  quantitative  understanding  of  thèse  processes 
diminishes  as  one  proceeds  from  the  first  through  the 
third.  In  this  paper  we  shall  consider  the  physics  of 
thèse  three  methods  in  increasing  détail. 

1 .  Charge  exchange  processes.  —  Figure  1  shows 
a  summary  of  equilibrium  fractions  of  négative  ions 


D  energy  (keV) 


Fig.  1 .  —  Equilibrium  fraction  of  négative  ions  per  incident 
deuteron. 


for  protons  passing  through  césium  vapor  [5-14]. 
The  problem  has  obviously  received  considérable 
attention  but  with  a  wide  disparity  of  results,  particu- 
larly  at  the  lower  énergies.  The  large  différences  aie 
now  attributed  to  the  problem  of  collection  of  particles 
scattered  through  large  angles,  nevertheless  the  two 
modem  experiments,  numbers  0  and  9  (Refs.  [5] 
and  [14]),  continue  to  show  a  relatively  large  discre- 
pancy. 

Although  thèse  large  equilibrium  yields  m  césium 
are  attractive  to  the  ion  source  designer,  their  utili- 
zation  carries  with  them  the  disadvantage  of  space- 
charge  problems  in  the  low  energy  positive  ion  beam. 
I  here  has  been  a  continuing  search  for  a  more  useful 
neutralizer  than  césium,  one  that  would  produce 
large  equilibrium  yields  at  higher  énergies. 

It  was  hoped  that  the  aikaline-earths  would  provide 
attractive  vapor  targets.  The  first  to  be  studied  expe- 
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Fig.  2.  —  Equilibrium  fractions  for  the  alkaline-earths. 


rimentally  was  magnésium  [15-18],  foUowed  by  stron- 
tium [19]  and  finally  the  entire  alkaline-earth  séries  by 
the  group  at  Wesleyan  University  [20].  Their  data  is 
shown  in  figure  2.  Excepting  for  Dyachkov's  low 
energy  equilibrium  yields  in  magnésium,  there  is 
gênerai  agreement  among  the  différent  expérimental 
groups  as  regards  the  magnésium  and  strontium 
yields.  Unfortunately,  the  alkaline-earth  vapor  targets. 


D  energy  (keV) 


Fig.  3.  —  Equilibrium  fractions  for  optimum  vapor  targets. 


taken  as  a  group,  do  not  show  yields  as  large  as  those 
for  the  alkalis,  at  least  not  for  énergies  above  1  keV. 

Figure  3  shows  a  comparison  of  the  equilibrium 
yields  for  the  more  attractive  alkalis  and  alkaline 
earths  [21].  For  the  source  designer,  sodium  offers 
the  best  prospect  of  reducing  space  charge  effects 
by  allowing  opération  at  higher  beam  énergies,  but  at 
the  price  of  reduced  yields.  H  ère  in  Grenoble  and 
at  the  Lawrence  Livermore  Laboratories  césium 
based  négative  ion  Systems  are  being  develop- 
ed  [22,  23]  ;  sodium  vapor  based  Systems  are  being 
developed  both  at  the  Kurchatov  Institute  [24]  and 
at  the  Lawrence  Berkeley  Laboratory  [25]. 

The  theory  of  charge  exchange  processes  in  thèse 
sophisticated  vapor  targets  is  still  in  a  developing 
stage.  At  the  low  énergies  appropriate  to  alkali 
charge  exchange  the  relative  interaction  potentials 
are  the  alkali-hydride  molecular  potentials.  Consi- 
dérable care  must  be  taken  to  insure  the  use  of  précise 
electronic  energy  levels,  and  recourse  must  be  made 
to  sophisticated  Hartree-Fock  molecular  orbital 
methods  and  codes  [26-28]. 

The  equilibrium  fraction  of  négative  ions  is  a  func- 
tion  of  six  capture  and  loss  cross  sections,  but  in 
practice  the  ratio  is  dominated  by  only  two, 

^  (7o-l/'^-10  ■  (1) 

The  capture  and  loss  cross  sections  for  césium  have 
been  discussed  in  a  few  theoretical  papers  [27,  29,  30]. 
Figure  4  shows  a  comparison  of  the  calculated  cap- 
ture cross  sections  with  the  expérimental  values  [3 1 , 32]. 
Much  theoretical  work  remains  to  be  done  before 
the  alkali  capture  and  loss  cross  sections  are  fuUy 
clarified. 
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Fig.  4.  —  Comparison  of  expérimentai  and  theoretical  capture 
cross  sections. 


Molecular  ion  beams  of  ,  H^^  offer  the  prospect 
of  more  négative  ions  per  unit  positive  current  than 
do  beams.  The  necessary  fragmentation  of  the 
molecular  ions  in  the  vapor  cell  before  électron 
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capture  can  occur  imposes  the  disadvantage  of 
requiring  a  greater  cell  line  density.  Ihe  use  of  the 
Ht  ion  introduces  some  furtlier  subtleties  wilh 
additional  reaction  channels,  and  with  conséquences 
for  tlie  angular  distribution  of  tlie  product  négative 
ions  [33]. 

2.  Electron  volume  processes.  —  Tuming  our  atten- 
tion to  electron-molecule  collisions,  we  corne  upon 
the  first  of  many  surprises.  The  study  of  hydrogen 
discharges  is  well  established,  but  until  an  effort  was 
made  to  diagnose  the  négative  ion  density  several 
important  électron  collision  processes  were  not  appre- 
ciated.  In  the  initial  experiments  at  the  Ecole  Poly- 
technique, plasma  probes  indicated  an  anomalously 
high  négative  ion  density  [34].  This  has  subsequently 
been  confîrmed  by  photodetachment  of  the  H"  ions 
and  observing  the  rise  in  électron  density  [35].  Addi- 
tional confirmation  has  been  achieved  by  direct 
extraction  of  an  H"  beam  with  a  current  density  of 
the  order  of  ImAcm"^.  The  parameters  of  the 
discharge  are  given  in  table  I. 

Table  I. 


H  2  density 

Positive  ion  density 

H  3  fraction 

H  2  fraction 

H"^  fraction 

Electron  température 

Fast  électron  density  (120  eV) 

Ion  température  (uncertain) 


2  X  lO'^cm-3 
2  X  lO'Ocm-3 
92% 
5% 
3% 
0. 1  ^  0.4  eV 
2  X  10^  cm"3 
0.1  eV 


As  shown  in  figure  5,  the  négative  ion  density 
increases  with  the  third  power  of  the  électron  density. 
There  is  no  indication  of  a  significant  isotope  depen- 
deiîce. 

The  initial  interprétation  of  the  négative  ion  density 
took  into  account  the  following  well  known  processes  : 


e  +  H2{v  -  0)  H2 
e  H 
e  +  H-  ^  H 


^  H" 
+  H  , 


+  H  , 


Fig.  5.  —  Négative  ion  density  \ersus  électron  density. 


ground  state  molécules  is  estimated  to  be  no  larger 
than  about  10"  ^  too  small  a  fraction  to  account  for 
the  observed  négative  ion  density  [38]. 

The  second  process  proposed  was  the  dissociative 
attachment  of  H3  ions  : 

B)  e  +  H3  ^H"  +  ■•.  This  reaction  cross  sec- 
tion has  recently  been  measured  by  Peart,  Forrest, 
and  Dolder  [39].  As  seen  in  figure  6,  the  cross  section 


has  a  maximum  value  of  1 .8 


cm  ^  for  a  6  eV 


électron  energy.  The  magnitude  of  this  cross  section 


Using  the  density  and  température  values  shown  in 
table  I,  the  observed  density  was  found  to  be  approxi- 
mately  two  orders  of  magnitude  larger  than  one 
would  calculate  using  reactions  (2),  (3),  and  (4). 

Three  processes  have  been  proposed  [34]  as  possible 
explanations  of  the  large  négative  ion  density  : 

A)  e  +  HjCf  ^/7,J  H"  +  H.  The  cross  section 
for  dissociative  attachment  to  this  long  lived  [36] 
electronically  excited  state  of  hydrogen  is  estimated  by 
Buckley  and  Bottcher  [37]  to  be  in  the  range  10  '** 
to  2  X  10" '"^  cm  The  density  of  thèse  excited 
electronic  states  are  limited  by  électron  collisions 
to  the  neighboring  a  ^E^  electronic  state  which  in 
turn  is  subject  to  rapid  radiative  decay.  The  ratio  of  the 
density  of  the  excited  molécules  to  the  density  of 
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is  at  least  an  order-of-magnitude  too  small  to  explain 
the  observed  négative  ion  density. 

The  dissociative  recombination  leading  to  neutral 
products 

e  +  Ht  ^  H  +  Hjiv) ,  (5) 

is  known  to  have  a  large  cross  section,  of  order 
10"^^  cm^^  [40].  The  résonance  statç  of  Hj  leading 
to  reaction  (5)  and  the  product  states  on  the  right 
side  of  the  reaction  have  been  studied  by  Kulander 
and  Guest  [41].  They  conclude  the  molécules  are 
formed  with  a  substantial  population  in  the  higher 
vibrational  states.  This  conclusion  is  consistent  with 
the  expérimental  observations  of  Vogler  [42]. 

The  third  and  most  probable  process  of  importance 
is  the  dissociative  attachment  to  vibrationally  excited 
molécules  : 

C)  e  +  U2iv  ^  6)  ^  H2"  H"  +  H.  In  a  récent 
experiment  by  AUan  and  Wong  [43],  this  cross  section 
is  shown  to  increase  by  approximately  an  order-of- 
magnitude  for  successive  vibrational  excitation 
through  the  lowest  four  levels.  In  the  theoretical 
analysis  of  this  reaction  by  Wadehra  and  Bardsley  [44], 
thèse  cross  sections  continue  to  increase  through 
V  =  6,  and  reach  a  value  of  3-4  x  10~^^  cm"^  for 
the  upper  levels  through  v  =  9.  For  the  case  of 
03(1')  the  rate  of  increase  is  even  more  dramatic, 
rising  from  a  value  of  2  x  10"^*  cm"^  for  i'  =  0  to 
greater  than  2  x  10"^^  cm^  for  levels  i;  =  9-13. 
For  both  Hjiv)  and  Djiv)  the  dissociative  attachment 
cross  sections  are  greater  than  2  x  10^'^  cm"^ 
for  vibrational  levels  with  thresholds  below  1  eV. 
As  a  conséquence,  the  very  pronounced  isotope 
eflFect  that  is  so  well  known  for  the  ground  vibrational 
levels  is  almost  non-existent  for  the  upper  levels. 

The  question  then  arises  as  to  the  origin  of  the 
vibrationally  excited  molécules,  HjCi')-  Two  processes 
appear  probable  :  the  dissociative  recombination  of 
H  3  illustrated  in  reaction  (5),  and  the  Auger  neutra- 
lization  of  H2  ions  in  wall  collisions  : 

H2+  +  M  ^  H2(r)  +  M  .  (6) 

Using  the  Frank-Condon  factors  between  H 2  and 
H  2  [45]  and  the  population  distributions  for  H  2 
vibrational  levels  [46],  one  estimâtes  the  process  (6) 
may  yield  populations  for  levels  r  ^  6  which  are 
greater  than  30  "„  of  the  total  H2(r)  distribution. 

But  even  granted  such  large  populations  and/or 
the  large  cross  section  for  reaction  (5),  the  parameters 
listed  in  table  I  cannot  be  used  to  explain  the  observed 
négative  ion  yields.  In  order  for  the  density  of 
H  2(1'  >  6)  to  rise  to  a  sufficiently  high  level,  the 
H  2(1')  must  survive  several  wall  collisions  against 
vibrational  de-excitation  : 

H2(r)  +  M  ^  H2(i'  -  1)  +  M  .  (7) 

At  least  10  but  no  more  than  100  wall  collisions  are 


required,  on  average,  before  de-excitation  of  type  (7) 
are  allowed. 

In  conclusion,  a  complète  interprétation  of  the 
négative  ion  density  is  not  yet  possible,  but  the 
foUowing  tentative  scénario  is  offered  : 

(1)  e  +  Hjiv  =  0)  ^  Ht{v)  +  2e 

(2)  H2+(r)  +  H2(r  =  0)  ^  H  +  U')  +  H 
(3fl)  HUv)  +  M      H2(r  ^  6)  +  M 
{3b)  e  +  H3+((')     H2(r  ^  6)  +  H 

(4)  Hjiv  ^  6)  +  M  ^  H2(t'  ^  6)  +  M 

(5)  e  +  H^iv  ^  6)      H2-      H"  +  H  . 

3.  Surface  formation  processes.  —  Among  the  most 
striking  developments  in  négative  ion  research  in 
récent  years  has  been  the  génération  of  négative  ions 
by  particle  bombardment  of  alkali-coated  métal 
surfaces.  First  developed  by  the  Novosibirsk  group  for 
synchrotron  applications,  the  early  technology  was 
subsequently  adopted  at  Brookhaven  for  both  syn- 
chrotron and  possible  fusion  applications,  with  the 
BNL  group  successfully  extending  the  puise  length 
into  the  millisecond  range.  A  summary  account  of  this 
early  work  on  surface  production  is  given  in  the 
Proceedings  of  the  1974  Berkeley  Symposium  [47,  48]. 

From  the  point  of  view  of  the  physical  processes 
involved,  the  problem  at  hand  is  in  many  ways  ana- 
logous  to  the  situation  in  electron-volume-processes  : 
namely,  what  is  the  principal  mechanism  leading  to 
the  production  of  négative  ions.  In  their  original 
papers,  the  Novosibirsk  group  interpreted  the  opéra- 
tion of  their  source  as  based  on  the  desorption  of 
négative  ions  by  energetic  primaries  striking  the 
cathode  [47,  49]. 

Subsequently,  they  were  to  observe  hydrogen- 
negative-ion  secondary-emission  desorption  yields 
near  unity  for  2-10  keV  Cs"^  ions  bombarding  alkali- 
coated  surfaces  in  a  hydrogen  atmosphère  [50].  More 
recently,  Seidl  [2]  has  reported  desorption  yields  of  H" 
forCs^  andNa"^  ions  incident  uponCsH  with  énergies 
up  to  20  keV  ;  the  Cs"^  secondary  émission  coefficients 
found  by  Seidl  are  similar  to  those  reported  in  réfé- 
rence [50].  M.  Yu  has  observed  the  desorption  of  H" 
ions  from  cesium-coated  surfaces  bombarded  with 
150  eV  Ne"^  ions  [51].  His  data  illustrâtes  very  clearly 
the  sensitive  dependence  of  the  négative  ion  yield  as  a 
function  of  surface  work  function,  but  he  does  not 
report  the  magnitude  of  the  secondary  émission  coef- 
ficient. Further,  Wiesemann  has  interpreted  the 
négative  ion  yields  from  surface-plasma  and  duoplas- 
matron  sources  as  due  principally  to  surface  desorp- 
tion [52]. 

Following  the  Berkeley  Symposium  in  1974,  an 
alternative  to  the  desorption  process  was  proposed 
whereby  the  energetic  hydrogen  primaries  backscatter 
from  the  cathode  substrate,  and,  retaining  an  appré- 
ciable fraction  of  their  incident  energy  as  they  are 
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0111  lUcd  from  the  cathode,  capture  électrons  to  form 
iicgative  ions  in  a  région  several  angstroms  in  front  of 
thc  surface  [53].  This  model  has  been  developed 
further  in  successive  papers  [54,  55]. 

The  Berkeley  group  has  bombarded  alkali-coated, 
surfaces  with  and  Dj  ions  with  énergies  of  from 
100  eV  to  a  few  keV  per  nucléon,  and  have  interpreted 
their  data  as  backscattering  yields  [56]. 

In  a  more  récent  experiment  W.  Graham  has  direct- 
ed  a  thermal  beam  of  hydrogen  atoms  emitted  from  an 
oven  maintained  at  3  000  K  onto  a  césium  coated 
surface  [57].  The  négative  ion  flux  observed  is  inter- 
preted as  resulting  from  the  backscattering  of  those 
atoms  in  the  tail  of  the  incident  thermal  distribution 
with  énergies  above  about  one  electron-volt. 

In  their  1977  Brookhaven  paper  [58],  the  Novosi- 
birsk  group  consider  both  desorption  and  backscatter- 
ing processes,  but  draw  no  conclusions  as  to  the 
relative  ion  yields  resulting  from  thèse  two  mecha- 
nisms.  Unfortunately,  there  does  not  exist  an  experi- 
ment in  which  the  desorption  and  backscattering 
yields  can  be  monitored  simultaneously  although 
the  possibility  for  such  an  experiment  has  been 
discussed  [59].  In  considération  of  the  disparity  of 
views  that  have  been  expressed  concerning  thèse 
processes,  it  seems  appropriate  to  estimate  the 
desorption  yield  for  hydrogen  particles  adsorbed  on 
the  surface,  and  to  compare  the  particle  desorption 
yields  with  the  particle  backscattering  yields. 

3 . 1  Surface  desorption.  —  The  cross  sections 
for  desorption  can  be  estimated  using  the  differential 
cross  sections  for  électron  scattering  on  chemisorbed 
hydrogen  [60].  In  référence  [60]  the  jellium  model  is 
employed  to  account  for  the  électron  shielding  of 
protons  embedded  in  the  surface  of  tungsten.  Since 
the  crystal  structure  and  lattice  spacing  of  tungsten 
and  molybdenum  are  virtually  identical,  and  the 
number  of  5s  and  4d  valence  électrons  in  Mo  are 
equal  to  the  number  6s  and  5d  électrons  in  W,  the 
jellium  model  differential  scattering  cross  sections 
for  Mo  and  W  should  be  similar.  At  large  scattering 
angles  thèse  differential  cross  sections  go  over  to  the 
Rutherford  cross  section,  but  remain  finite  at  small 
scattering  angles.  Bearing  in  mind  that  the  Rutherford 
cross  section  is  a  function  only  of  cm.  energy  and  is 
independent  of  mass,  the  50  and  100  eV  électron 
scattering  cross  sections  given  in  référence  [60]  can  be 
used  for  interpreting  proton  collisions  where  the 
proton  énergies  in  the  laboratory  system  are  100  and 
200  eV,  respectively. 

Another  basis  for  estimating  the  desorption  cross 
section  can  be  obtained  using  the  computer  studies  of 
hydrogen  sputtering  by  hydrogen  incident  upon 
liHj,  FeH,  and  FeHj  [61].  In  référence  [61]  it  is 
found  that  the  essential  mechanism  for  light-particle 
sputtering  is  the  two-body  collision  of  the  backscatter- 
ed  light  particle  with  the  atoms  near  the  surface. 
Using  this  observation  as  the  basis  for  a  desorption 


model,  one  can  use  the  differential  scattering  cross 
sections  mentioned  above,  together  with  an  expression 
for  energy  transfer  in  two-particle  collisions,  to  calcu- 
late  the  cross  section  for  an  energetic  hydrogen  particle 
emerging  from  the  surface  to  dislodge  another 
hydrogen  particle  bound  to  the  surface  with  energy 
£■„.  If  £■„  is  the  initial  energy  of  a  particle  scattered 
through  an  angle  Oq  in  the  laboratory  system  that 
transfers  an  amount  of  energy  £2  a  particle  of 
equal  mass,  the  ratio  of  énergies  is 

EJEo  =  1  -  i(l  +  cos2  (io)  .  (8) 

Ihe  adsorption  energy  of  hydrogen,  £„,  is  approxi- 
mately  2  eV.  A  hydrogen  atom  is  presumed  to  be 
desorbed  if  it  receives  an  amount  of  kinetic  energy 
greater  than  2  eV  directed  normally  outward  from 
the  surface.  The  computer-calculations  described 
below  show  that  the  backscattered  particles  émerge 
from  the  surface  with  a  cosine  angular  distribution  ; 
it  foUows  that  the  mean  kinetic  energy  directed  per- 
pendicular  to  the  surface  is  equal  to  one  half  the  total 
kinetic  energy.  The  minimum  angle  Oq  leading  to 
desorption  is  the  angle  for  which  £2  =  4  eV,  and  the 
desorption  cross  section  is  the  intégral  over  the 
differential  cross  section  ranging  from  this  angle 
up  to  90»  in  the  lab  system.  The  values  obtained  are 
shown  in  table  II,  including  those  derived  from  the 
sputtering  calculations  of  référence  [61]. 

Table  II.  —  Desorption  cross  sections. 
Backscattered  100  eV  H 

energy  sputtering 

100  eV      200  eV  TiH2        FeH        FeH 2 

0.52         0.27  0.50         0.82  0.52 

If  the  angular  effects  are  ignored  and  only  a  minimum 
of  2  eV  energy  transfer  is  assumed,  the  cross  sections 
are  increased  approximately  20  The  sputtering 
cross  sections  shown  in  the  table  are  not  strictly 
comparable  because  the  backscattered  particles  in  this 
latter  case  are  distributed  in  energy  up  to  100  eV, 
nevertheless  the  comparisons  are  plausible. 

It  is  interesting  to  consider  the  magnitude  of  the 
desorption  yield  in  the  surface-plasma-source  that  is 
implied  by  thèse  cross  sections.  Previously  [53]  the 
surface  hydrogen  coverage  under  source  conditions 
had  been  estimated  to  be  about  2  x  10"^  atoms  cm~^, 
from  which  one  would  infer  a  hydrogen  atom  desorp- 
tion yield  of  about  1  For  surfaces  near  room 
température,  however,  adsorbed  hydrogen  atom  cove- 
rages  can  be  as  large  as  10'  ^^  atoms  cm  ^  implying 
desorption  yields  up  to  several  percent. 

Ihe  energy  spectrum  of  the  desorbed  particles 
can  be  calculated  from  the  differential  cross  sections 
and  eq.  (8).  Histograms  of  the  desorbed  energy 
distribution  have  been  constructed  with  widths  cor- 
responding  to  the  maximum  and  avcrage  minimum 
desorption   energy   for  a   range  AO^  =  5"  ;  thèse 
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Fig.  7.  —  Energy  distributions  v 


histograms  have  been  summed  to  give  the  energy 
distribution  shown  in  figure  7.  For  comparison  we 
have  included  the  histogram  of  the  H  sputtering 
yield  [61]  for  100  eV  hydrogen  incident  upon  TiHj. 

Also  shown  in  the  figure  is  the  histogram  of  back- 
scattered  H  partiales  for  1 00  or  200  eV  hydrogen  atoms 
incident  upon  molybdenum.  Thèse  distributions  were 
calculated  using  the  Marlowe  [61]  code  discussed 
below.  Qualitatively,  the  desorption  and  backscatter- 
ing  distributions  are  distinct  :  the  desorption  maxima 
occurring  at  lower  énergies,  the  backscattering  maxima 
occurring  near  the  incident  energy.  This  distinction 
is  expected  to  be  generally  true,  but  may  be  less 
distinct  for  low-Z  substrates. 

The  cross  sections  shown  in  table  II  and  the  energy 
distributions  shown  in  the  figure  refer  to  the  total 
number  of  particles  backscattered.  Only  a  fraction 
of  this  total  is  converted  into  négative  ions  at  the 
surface.  The  calculation  of  this  négative  ion  produc- 
tion probability  will  be  discussed  in  a  later  section. 

3 . 2  Backscattering  yields.  —  Expérimental  data 
on  backscattering  yields  are  for  the  most  part  limited 
to  incident  énergies  above  1  keV  [62-65].  The  principal 
source  of  theoretical  backscattering  data  is  the 
Marlowe  Monte  Carlo  code  developed  at  Oak  Ridge 
by  Robinson  and  Torrens  [66]  and  by  Oen  and 
Robinson  [67].  The  expérimental  data  has  been 
compared  with  the  results  from  the  Marlowe  code 
for  both  backscattering  and  sputtering.  The  Marlowe 
code  is  believed  to  contain  the  proper  physics  for 
incident  énergies  as  low  as  10  eV.  Since  the  principal 
backscattering  processes  of  interest  in  négative  ion 
research  are  below  1  keV,  one  must  rely  almost 
entirely  upon  Marlowe  for  the  relevant  data.  The  Oak 
Ridge  group  has  made  available  to  Livermore  the 
Marlowe  code  for  négative  ion  studies.  The  next 
few  figures  summarize  the  relevant  backscattering 
data. 

Figure  8  shows  the  particle  reflected  fractions,  i.e., 
backscattering  fractions,  for  hydrogen  incident  upon 
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Fig.  8.  —  Backscattered  fractions  versus  incident  hydrogen  energy. 

polycrystalline  Cu,  Mo,  and  Au  at  normal  incidence. 
The  reflection  coefficients  for  amorphous  Cu  and  Au 
are  taken  from  référence  [67].  Ail  of  thèse  fractions 
show  an  increase  at  lower  énergies  ;  this  is  due  to  the 
larger  scattering  probability  at  low  énergies,  causing 
reflection  to  occur  nearer  the  surface.  At  a  given 
energy,  the  fractions  increase  with  the  Z  of  target 
material  for  similar  reasons.  The  amorphous  back- 
scattering exceeds  the  polycrystalline  scattering  pre- 
sumably  because  of  reduced  channeling. 

In  the  next  figure  is  shown  the  data  for  the  alkali 
polycrystalline  targets.  The  trends  are  similar  to 
those  for  the  transition  éléments. 

Of  considérable  importance  for  interprétation  of 
négative  ion  yields  is  the  angular  and  energy  distribu- 
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Fig.  9.  —  Alkali  backscattered  fractions  for  incident  hydrogen. 
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Fig.  10.  —  Energy  distribution  histograms  for  back  scattered 
hydrogen. 

lions  of  the  backscattered  particles.  At  énergies  above 
100  eV  the  angular  distribution  fits  a  cosine  distri- 
bution, as  was  found  earlier  for  the  amorphous 
targets  167]  and  with  some  tendency  to  be  more 
peaked  toward  zéro  degrees  at  lower  énergies.  The 
energy  distributions,  on  the  other  hand,  show  a 
sensitive  dependence  to  incident  energy  and  target 
charge.  In  figure  10  is  shown  energy-distribution 
histograms  for  10  eV  and  1  000  eV  hydrogen  particles 
normally  incident  upon  Li  and  Au  targets.  For  Li, 
even  the  10  eV  particles  penetrate  sufficiently  that 
there  is  appréciable  energy  dégradation  of  the  back- 
scattered particles.  In  the  case  of  10  eV  hydrogen 
incident  upon  gold,  the  first  collision  is  so  near  the 
outer  surface  that  very  little  energy  dégradation 
can  occur.  At  1  000  eV  incident,  virtually  the  entire 
distribution  of  backscattered  particles  undergoes  a 
large  number  of  collisions  in  difîusing  backward 
toward  the  surface,  and  the  energy  distribution  is 
necessarily  very  broad.  In  the  ex  amples  shown  in 
thèse  figures  each  data  point  represents  at  least  1  000 
initial  trajectories,  with  as  many  as  4  000  trajectories 
in  the  case  of  Na. 


I  he  reflected  fraction  also  varies  markedly  with 
the  polar  angle  if  incidence.  In  figure  1 1  is  shown 
this  dependence  for  hydrogen  particles  incident  upon 
polycrystalline  sodium  targets  at  200  eV.  As  the  polar 
angle  is  varied  70"  away  from  normal  incidence,  the 
backscattered  yield  is  doubled.  Thèse  refiected  frac- 
tions show  trends  similar  to  those  for  hydrogen  inci- 
dent upon  amorphous  Cu  at  varying  angles  of  inci- 
dence [67]. 

3.3  Négative  ion  production  probability.  — 
Given  the  desorption  and  backscattering  particle 
yields,  it  remains  to  consider  the  processes  leading  to 
négative  ion  production  for  particles  in  transition 
from  the  bulk  crystal  into  the  vacuum.  The  négative 
ion  production  is  a  reasonably  sensitive  function  of 
the  surface  work  function.  In  figure  12  is  shown 
M.  Yu's  data  illustrating  the  variation  of  the  work 
function  and  the  négative  ion  yield  with  increasing 
césium  adsorbate  coverage  [51].  The  négative  ion  yield 
is  a  maximum  near  the  minimum  of  the  work  function, 
and  varies  in  an  inverse  way  with  changes  in  work 
functions. 
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Fig.  1 1 .  — Backscattered  fraction  versus  polar  i 
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-  Work  function  and  H  "   production  versus  césium 


A  similar  variation  is  seen  in  the  backscattering 
data  taken  from  the  thesis  of  Peter  Schneider,  and 
shown  in  figure  13.  As  Schneider  has  emphasized, 
the  combination  of  particle  backscattering  and  work 
function  dependence  allows  for  several  district  régimes. 
1  hese  are  illustrated  in  the  next  figure. 

\  he  first  case  shown  in  figure  14  corresponds  to  an 
energetic  particle  backscattering  from  a  bare  substrate 
material  with  the  négative  ion  production  dépendent 
upon  the  substrate  work  function.  In  the  second  case  a 
partial  layer  of  alkali  substrate  provides  for  an 
optimum  work  function,  but  backscattering  is  domi- 
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Fig.  1 3.  —  Work  function  and  H  backscattering  yield  versus 
sodium  coverage. 


Substrate  Adsorbate 


Fig.  14.  ~  Ihe  four  distmct  backscattering  configurations. 


nated  by  the  substrate.  In  the  third  illustration  the 
adsorbate  is  a  few  layers  thick,  exhibiting  the  bulle 
alkali  work  function,  but  the  adsorbate  is  still  suffi- 
ciently  thin  that  it  does  not  contribute  appreciably  to 
the  backscattering.  Finally,  the  last  case  corresponds 
to  a  thick  adsorbate  where  both  backscattering  and 
work  function  are  determined  by  the  adsorbate  pro- 
perties  alone.  A  theory  of  negative-ion-secondary- 
emission  by  backscattered  particles  must  account 
for  ail  thèse  possibilities. 

The  résonant  capture  and  loss  of  électrons  between 
the  outgoing  atom  and  the  surface  is  the  underlying 
basis  for  the  sensitivity  to  the  work  function.  For  a 
proper  solution  to  the  ion  production  problem  one 
requires  the  potential  function  experienced  by  the 
active  électron  in  the  surface  région.  The  solution  for 
the  surface  potential  function  continues  to  be  an 
outstanding  problem  in  surface  physics.  Some  pro- 
gress  towards  a  complète  solution  will  come  by  way  of 
ab  initio  calculations  of  métal  clusters,  and  clusters 
supporting  adsorbate  atoms  [69].  The  solution  appro- 


priate  to  alkali  adsorbate  coverages  is  still  some  years 
away. 

Experiments  on  résonant  électron  scattering  from 
surfaces  indicate  the  électron  potential  in  the  surface 
région  can  be  approximated  by  a  truncated  image 
potential.  This  view  is  substantiated  in  the  jellium 
model  calculations  [60].  For  our  purposes  the  signi- 
ficant  feature  of  thèse  jellium  results  is  that  they 
show  us  where  the  image  plane  is  located,  and  how 
close  to  the  image  plane  the  image  potential  is  valid. 

The  negative-ion-production-probability  can  be 
factored  into  the  product  of  a  formation  probability 
and  a  survival  fraction.  As  the  atom  émerges  from  the 
surface,  there  is  some  distance  over  which  it  moves 
wherein  électron  capture  takes  place  by  a  résonant 
energy  transfer.  At  the  far  end  of  this  région  there  is  a 
certain  probability  that  the  négative  ion  has  been 
formed.  Beyond  this  point  the  energy  level  of  the 
négative  ion  system  lies  above  the  fermi  level  of  the 
solid,  and  résonant  loss  of  the  électron  back  to  the 
vacant  states  of  the  métal  will  occur.  Only  a  fraction 
of  the  négative  ions  formed  in  the  first  région  will 
survive  to  large  distances. 

In  his  original  discussions  of  this  problem,  Kishi- 
nevsky  [71,  72]  assumed  a  formation  probability 
equal  to  unity  and  calculated  the  survival  fraction  by 
taking  the  électron  energy  level  equal  to  the  sum  of  the 
image  energy  minus  the  négative  ion  affinity,  0.75  eV. 
For  a  surface  work  function  in  the  vicinity  of  1.5  eV, 
this  model  yields  a  production-probability  near  unity 
for  particles  with  énergies  above  about  100  eV  leaving 
normal  to  the  surface.  Kishinevsky  calculated  the 
survival  fractions  for  surface  work  functions  ranging 
from  1.2  eV  to  1.7  eV,  values  that  range  about  the 
minimum  work  function  for  a  partial  layer  of  césium 
on  a  Mo  or  W  substrate. 

For  an  atom  moving  normal  to  the  surface  with 
velocity  but  moving  sufficiently  slowly  that  the 
électrons  can  adjust  adiabatically,  the  transition 
rate  for  électron  transfer  at  any  point  z  is  F{z).  Pro- 
vided  the  change  in  velocity  of  the  atom  is  small  as  it 
leaves  the  surface,  the  rate  of  formation  of  négative 
ions  from  hydrogen  atoms  is 

dH-  ^  H-  F(z) 
dr  1 1 

The  gênerai  form  of  the  formation  probability  must 
then  be  equal  to 

1  -  e-""^  .  (10) 

In  the  loss  région  the  loss  rate  is  L(z),  and  the  rate  of 
loss  of  négative  ions  is  equal  to 

dhr  ^  _  H  -  L(z)  ^jj^ 
dz  i\ 

The  survival  fraction  will  have  the  gênerai  form 
g-/j/M   and  the  product  of  thèse  two  probabilities 

[1  -  e-'"ie""'^  ,  (12) 
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IS  the  production  probability  for  a  particie  emitted 
iiom  the  surface  witli  normal  component  t\.  The 
\  a  lues  for  a  and  fi  must  bc  derived  from  spécifie 
models  for  the  surface  potential,  and  contain  the 
dependence  on  the  surface  work  function. 

An  accurate  calculation  of  a  is  quite  diflicult,  a 
being  sensitive  to  détails  of  the  surface  potential 
in  a  région  where  the  potential  is  least  well  known. 
Provided  the  ratio  a/i  ^  is  sufiiciently  large  however, 
the  formation  probability  is  close  to  unity  and  the 
overall  production  probability  is  not  too  uncertain. 
A  rough  estimate  for  a  is  made  in  références  [54]  and 
[55],  wherein  is  derived  a  formation  probability  near 
fifty  percent  for  hydrogen  emitted  with  normal 
energy  component,  E^,  equal  to  one  hundred  eV. 

The  calculation  for  p  can  be  less  uncertain.  This  is 
because  is  dépendent  upon  détails  of  the  surface 
potential  at  great  distances  from  the  surface  where 
surface  models  are  more  reliable.  In  considération  of 
the  calculation  of  a  and  it  is  worthwhile  first  to 
digress  and  review  quahtatively  the  main  features  of 
alkali  adsorbates. 

The  valence  level  of  an  alkali  atom  is  raised  and 
broadened  as  the  atom  approaches  a  métal  sur- 
face [73].  In  conséquence  the  atom  loses  its  électron 
to  unoccupied  states  in  the  métal,  polarizes  the  surface, 
and  is  bound  to  the  surface  with  an  ionic  bond. 
The  energy  level  of  the  ion-surface  Systems  is  illustrated 


Fig.  15.  -  Ihe  energy  level  ol  llie  aelive  eleetroii.  Aller  Gad/uk, 
référence  [73]. 


in  the  accompanying  figure.  As  more  ions  accumulate 
on  the  surface  an  electric  dipole  layer  devclops 
lowering  the  surface  work  function.  Ihe  electronic 
level  on  the  outside  of  the  dipole  layer  is  necessarily 
lowered.  1  his  continues  until  near  the  minimum 
of  the  work  function  the  broadened  level  is  lowered 
to  a  point  where  it  now  spans  the  fermi  level.  At  this 
coverage  the  adsorbed  ions  share  électrons  with  the 
métal  and  are  only  partially  ionic.  Semiclassical  models 
for  this  configuration  have  been  derived  by  Rasor 
and  Warner  [74]  and  by  Levine  and  Gyftopoulos  [75]. 
To  understand  the  properties  of  the  surface  in  the 
présence  of  an  outgoing  hydrogen  atom,  however, 
it  is  necessary  to  go  one  step  further.  The  interaction 
of  a  hydrogen  atom  and  a  césium  atom  lowers  the 
total  electronic  energy  of  an  isolated  diatomic  system 
to  form  a  stable  CsH  molécule  [53].  One  would 
expect  then  that  the  perturbation  of  the  atom  near 
the  surface  will  further  lower  the  electronic  level 
in  that  région,  causing  the  césium  to  be  in  an  essen- 
tially  atomic  configuration. 

The  geometry  of  the  surface  région  is  shown  in 
figure  16.  FoUowing  Kishinevsky,  the  electronic 
energy  level  of  the  s>î,iem  is  again  taken  to  be  equal 
to  the  image  potential  minus  the  affinity,  but  now  the 
affinity  is  the  affinity  of  the  CsH  molécule,  not  the 
affinity  of  the  hydrogen  atom.  In  conséquence,  the 
affinity  will  vary  as  the  hydrogen  atom  moves  away 
from  the  surface  [54].  As  can  be  seen  from  the  figure, 
for  differing  trajectories  1  and  2,  the  image  and  affinity 
will  combine  to  give  an  electronic  energy  level  whose 
magnitude  dépends  upon  the  particular  trajectory. 
In  figure  17  the  energy  level  of  the  active  électron 
is  summarized. 


Electron  energy  level  =  image  -  affinity 


eV  =  -  -^^  ^       -  [E(CsH)  -  E(CsH-)]  (R) 

4an  (z-Zn) 


^0 


f  ig.  16.  —  Surface  geomclry  with  adsorbale  césium. 


C7-188 


J.  R.  HISKES 


-2.0 


1  \  1    1    1  1 

;          \  ^  -Affinity 

1       1      1  1 
Cs/W 

rimage  _ 

U-i52ev/   

-  — H'energy  level  =  ~ 

1       1       1       1  1 

-Affinity  +  image 

1       1       1  1 

Factoring  off  the  azimuthal  part  of  x{r)  one  obtains 
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Fig.  17.  — The  image,  affinity,  and  active  électron  energy  levels. 

The  affinity  is  zéro  for  close  séparations  and 
increases  to  reach  a  maximum  greater  than  one 
electron-volt  near  R=  10-12  Aq,  then  falls  to  an 
asymptotic  value  equal  to  the  H"  affinity.  The  élec- 
tron energy  level  exhibits  a  distinct  minimum.  The 
fermi  level  for  a  partial  monolayer  of  césium  is  near 
1.52  eV.  Résonant  électron  capture  to  form  H" 
can  occur  over  the  range  from  /?  =  6  to  16  Oq-  If  the 
affinity  were  taken  equal  to  a  constant  value  of 
0.75  eV,  résonant  électron  capture  would  occur  at 
séparations  R  <  9  aç,.  M.  Yu  concluded  in  his  ana- 
lysis  of  the  Ne^  desorption  data  that  négative  ions 
were  formed  far  from  the  surface,  at  distances  of 
from  14.3  to  15.5  [51]- 

For  the  calculation  of  P  recourse  has  been  made  to 
the  method  of  complex  eigenvalues  [54,  55].  The 
Schroedinger  équation  for  the  active  électron  is 
taken  to  be 


i  ôt 
with  solution 


=  x(r)  exp 


taking  W  to  be  complex  and  equal  to 


(14) 


so  that  at  any  point  in  space  the  électron  density  is 
decaying  exponentially  with  time  : 

\^'\  =  |x(r)|^exp(^-^/).  (16) 

The  solution  is  obtained  by  requiring  i{r)  to  have  the 
form  of  an  outgoing  wave  corresponding  to  the  élec- 
tron propagating  into  the  bulk  substrate.  Janev  [76] 
has  pointed  out  that  the  problem  is  simplified  by 
expressing  the  équation  for  X  (r)  in  parabolic  coor- 
dinates  : 

C  =  r  +  z  ,       t]  =  r  -  z  .  (17) 


2Zo 


(18) 


the  (p  is  the  surfacework  function,  a  séparation 
constant,  8  the  magnitude  of  the  electric  field  in  the 
dipole  layer,  and  Zq  the  distance  from  the  image  plane. 
The  final  term  in  the  bracket  is  the  image  term  and 
contains  the  second  coordinate  (.  Janev's  point  is  that 
in  the  région  where  v  is  large,  C  '?>  and  C  can  be 
ignored.  The  problem  is  then  reduced  to  solving  a  one- 
dimensional  équation.  Writing  v  =  ju  +  iœ,  the  équa- 
tions for  the  real  and  imaginary  parts  become 

^  =  X 
df]^         4  ^ 

X  ]£  +  +  lll  +  1  +  8,,  -  /.  I 
x/i-^co,  (19) 


|£  +  (/)  + 

r 


Az, 


i]  +  2  ZoJ 

(20) 


Ihis  pair  of  simultaneous  équations  is  solved  for 
r,  E  by  adjusting  T,  E  until  v  has  the  form  of  an 
outgoing  wave.  F,  E  are  evaluated  for  ail  values  of 
Zq,  and  the  survival  fraction  is  found  from 


V{r)>  «F,  (13) 


/  =  exp 


/  =  exp  - 


r  £  dzo 
J,  ^   l'i  ■ 

>e  apprei 
he  surfac 


(21) 


Provided  t'j^  does  not  change  appreciably  as  the  néga- 
tive ion  moves  away  from  the  surface, 


(22) 


(15) 


For  a  fuUy  conducting  surface  the  potential  function 
employed  is  the  truncated  image  potential  shown  in 
figure  18,  which  we  have  labeled  Geometry  A.  The 
survival  fraction  has  been  calculated  for  work  func- 
tions  appropriate  to  bulk  césium  or  potassium, 

=  1.90  eV  and  ^  =  2.25  eV,  respectively.  The 
results  are  shown  in  figure  19,  taken  from  réfé- 
rences [54,  55].  The  abscissa  is  the  perpendicular 
component  of  the  backscattered  energy. 

For  partial  monolayer  adsorbate  coverages  the 
adsorbate  layer  is  not  a  conducting  layer.  The  surface 
electric  dipole  layer  impedes  the  loss  of  électrons 
from  the  négative  ion  to  the  underlying  substrate 
conductor.  The  potential  function  used  for  partial 
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Surface  —  ion  spacing  measured  from  négative  ic 

Fig.  18.  —  Ihe  iruncaled  image  potenlial. 


Partial  césium  monolayei 
Thick  césium, '1'=  1.90  eV, 


Thick  potassium,  *  =  2.25  eV 


Schneider  has  achieved  a  régime  in  which  the  négative 
ion  yields  is  almosl  entirely  due  lo  backscattered 
partiales  with  only  a  very  small  desorption  component. 
Some  of  his  data  for  sodium  coverages  is  shown 
in  figure  21.  For  thick  sodium  coverages  the  surface 
work  function  is  measured  to  be  2.3  eV  ;  this  thick 
sodium  data  corresponds  to  case  four  in  figure  14. 
Also  shown  is  the  équivalent  of  case  three,  again  with 
a  measured  work  function  of  2.3  eV.  The  energy  dis- 
tribution of  backscattered  particles  from  copper  is 
more  favorable  for  négative  ion  production  than  is  the 
backscattered  distribution  from  sodium.  Also  shown 
is  the  negative-ion-secondary-emission-coefficient 
(NISEC)  for  ions  backscattered  with  sodium  cove- 
rages near  the  minimum  of  the  surface  work  function 
(see  Fig.  1 3).  Schneider  has  demonstrated  also  that  for 
incident  énergies  above  200  eV/nucleon,  the  NISEC 
is  proportional  to  the  number  of  nucléons  in  the 
molecular  ion. 


H  backscattered  energy -eV 

Pig  19  _  1  he  survival  fractions  versus  perpendicular  backscatter- 
ed energy. 


monolayer  césium  coverages  is  shown  schematically 
in  figure  20.  The  survival  fraction  shown  in  figure  18 
is  near  unity. 

We  turn  our  attention  now  to  the  analysis  of  the 
expérimental  backscattering  data.  Peter  Schneider 
has  bombarded  alkali-coated  copper  surfaces  with 
H"",  H2,  H 3  ion  beams  with  énergies  ranging  from 
200  eV  per  nucléon  up  to  4  keV  per  nucléon  [68].  By 
heating  the  substrate  prior  to  alkali  déposition, 
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Incident  Energy  -  eV/Nucleon 
Fig.  21.  ^  Expérimental  NISEC  values  for  sodium. 

For  the  energy  range  shown  in  the  figure,  the  back- 
scattered distribution  of  particles  found  in  the  Mar- 
lowe  calculations  can  be  factored  according  to 

Fiv,  0)  dv  d(cos  0)  =  2  f{v)  cos  0  dv  d(cos  0) ,  (23) 

with 


NISEC  (£,) 


ir  in( 


V,  0)  de  d{cos  0) . 


(24) 


For  any  particular  incident  energy,  the  NISEC 
becomes 


/,:((')  cos  0  : 


Fig.  20.  —  Schematic  électron  potential  including  dipole  layer. 


1^1  -  exp|^- 
dv  d(cos  0)  . 


V  cos  0 J 
(25) 
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Integrating  over  cos  0,  this  reduces  to  an  intégral  over  velocity.  and  scattering  a  =  a/r,  b  =  P/v, 
NISEC(£,.)  =  2  \  f.(v)  \e-''[{l~b)(l-e-'')  +  ae-'']  +  0.511  22[{a  +  bV-b^]  +  {a  +  h)^\n(a  +  b)-b^\nh  + 


The  velocity  distributions  of  the  backscattered  par- 
ticles,  fiiv),  are  calculated  using  Marlowe.  We  then 
attempt  a  least-squares  fit  of  eq.  (26)  to  the  NISEC 
data  treating  the  a  and  P  as  adjustable  constants.  In 
analogy  with  linear  équations,  we  would  expect  to  be 
able  to  détermine  the  two  parameters  a  and  ^  in  the 
polynomial,  eq.  (26),  by  fitting  to  the  NISEC  values 
at  two  énergies,  £,  j.  On  the  other  hand  if  we  attempt 
a  fit  to  several  data  points  the  a  and  are  overdeter- 
mined.  In  this  latter  case  one  would.  not  in  gênerai 
be  able  to  obtain  a  good  fit  unless  the  /i((')'s  were 
correct  and  the  functional  form  for  the  formation 
probability  and  survival  fraction  were  also  correct. 

In  figure  22  is  shown  the  least-squares  fit  to  the 
thick  sodium  data  at  five  incident  énergies,  indicated 
by  the  +  signs.  Since  the  a  and  [i  found  in  this  way 
are  assumed  to  be  functions  only  of  the  surface  work 
function,  we  can  use  thèse  values  together  with  the 
Marlowe  velocity  distributions,  J'^iv),  for  backscatter- 
ing  from  copper  to  predict  the  NISEC  values  of  case  3, 
figure  14.  This  prédiction  is  shown  by  the  crosses  in 
figure  22.  Thèse  fits  confirm  the  validity  of  Marlowe 
and  the  functional  form  of  eq.  (15).  The  application  of 
this  method  to  the  other  members  of  the  alkali  séries  is 
discussed  elsewhere  [77]. 
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Fig.  22.  —  Expérimental  NISEC  values  with  lea 


Having  obtained  thèse  semi-empirical  values  for  a 
and  the  formation,  survival,  and  production  proba- 
bilities  can  be  computed  and  are  shown  in  figure  23. 
The  probabilities  are  shown  in  double  entry,  corres- 
ponding  to  the  five  percent  uncertainty  in  the  expéri- 
mental data  points.  The  range  shown  for  the  produc- 
tion probability  corresponds  to  using  either  the  maxi- 
mum or  the  minimum  values  of  the  other  two  proba- 
bilities, respectively.  We  would  conclude  that  the 
optimum  NISEC  from  thick  sodium  and  glancing 
hydrogen  collisions  at  200  eV  is  approximately  15  %. 

Also  shown  in  the  figure  is  the  theoretical  resuit  for 
the  survival  probability  for  (p  =  2.25  eV,  taken  from 
figure  19.  A  value  computed  for  q)  =  2.30  eV  would 
lie  between  the  theoretical  and  the  semi-empirical 
curves.  The  formation  probability  found  here  is 
almost  indistinguishable  from  that  estimated  in  réfé- 
rences [54,  55]  for  a  partial  iponolayer  of  césium. 

It  is  interesting  to  ask  what  is  the  largest  NISEC 
one  would  anticipate  for  normally  incident  particles. 
Using  the  particle  backscattering  data  for  hydrogen 
on  molybdenum  from  figure  8,  the  formation  and 
survival  probabilities  for  partial  monolayer  coverages 
of  césium  from  figures  23  and  19,  the  predicted 
NISEC  values  are  shown  in  the  final  figure.  If  the 
projection  of  the  Marlowe  backscattering  yields  into 
the  lower  energy  range  below  100  eV  is  valid,  substan- 


Perpendicular  Backscattered  Energy,  eV 

Fig.  23.  —  Formation,  survival  and  production  probabiliti 
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tial  increases  in  Ihe  NISHC  are  possible  at  thèse  lower 
énergies. 

In  their  1977  Brookhaven  paper  [58],  the  Novosi- 
birsk  group  reported  the  apparent  NISEC  values 
obtained  by  taking  the  ratio  of  négative  ion  current 
to  positive  ion  current  emitted  through  a  small 
aperture  in  one  cathode  of  a  césium  loaded  Penning 
source.  Since  there  is  reason  to  believe  the  optimized 
source  opération  may  correspond  to  the  optimized 
césium  partial-monolayer  configuration,  we  have 
included  their  data  in  the  figure.  Their  7  //'^  ratio 
shows  a  considérable  discrepancy  from  the  theoretical 
curve,  although  the  magnitudes  are  similar.  In  view 
of  the  uncertainty  in  the  positive  ion  species  in  the 
source  several  interprétations  of  they  /y'^  ratio  are 
tenable.  If  the  current  were  predominantly  due  to 
H 2  ions,  Schneider^s  results  would  imply  twice  the 
NISEC  yield  compared  with  an  ion  current. 
Hence  the  j~ /j^  ratio  would  ofnecessity  bedivided  by 
two  and  translated  to  one  half  the  incident  energy, 
bringing  the  ratio  into  close  coïncidence  with  the 
theoretical  curve.  Alternatively,  one  expects  a  large 
energetic  neutral  flux  of  particles  to  be  présent  in  the 
discharge,  comparable  to  the  ion  flux  [53].  Including 
a  neutral  component  in  the  denominator  of  they  /j^ 
ratio  would  also  bring  it  more  into  coïncidence  with 
the  calculated  curve.  The  Penning  source  data,  as  it 
stands,  is  not  necessarily  in  conflict  with  the  theoretical 
expectations. 

This  section  on  surface  processes  can  be  summarized 
in  the  foUowing  comments  : 

(1)  The  usefulness  of  the  Marlowe  backscattering 
code  has  been  demonstrated  for  incident  énergies 
down  to  at  least  100  eV. 

(2)  Marlowe  together  with  the  calculations  of  the 
survival  fractions  indicate  the  largest  backscattering 
secondary  émission  yields  will  occur  for  incident 
particle  énergies  between  10  and  100  eV,  and  for 
partial  monolayer  coverages  of  césium. 

(3)  Backscattering  yields  exceed  desorption  yields 
for  incident  énergies  below  several  hundred  électron 
volts. 
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Fig.  24.  —  1  heoretical  NlStC  values  for  partial-monolayer 
césium,  normal  incidence.  Also  shown  is  the  Penning  source  data 
from  Novosibirsk. 

(4)  Desorption  yields  are  large  for  energetic  heavy 
particles  with  énergies  above  a  few  keV. 

(5)  Backscattering  yields  exceed  desorption  yields 
by  an  order-of-magnitude  or  more  in  the  optimized 
opération  of  the  surface-plasma  source. 
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Résumé  -  Lobjectifde  cet  article  est  de  présenter  Tétat  actuel  des  recherches  sur  la  physique  des  arcs  longs.  La 
configuration  de  référence  est  un  intervalle  interélectrode  non  uniforme  soumis  à  une  impulsion  de  tension  positive 
qui  est  la  schématisation  en  laboratoire  des  conditions  les  plus  critiques  dans  la  conception  d'un  appareil  UHT. 
Dans  ces  conditions  la  formation  de  lare  s'effectue  à  travers  diverses  phases  successives  :  l'initiation  du  premier 
phénomène  d'ionisation,  le  développement  des  streamers-corona,  la  formation  du  stem  (tronc)  corona  et  du  canal 
du  leader  la  propagation  du  leader,  l'évolution  temporelle  des  caractéristiques  du  leader,  l'apparition  des  reillu- 
minations  du  canal,  le  saut  final  et  la  transition  vers  le  canal  hautement  conducteur  de  l'arc.  Chaque  phase  est 
gouvernée  par  une  interaction  complexe  de  processus  élémentaires  électromagnétique,  hydrodynamique  et  thermo- 
dynamique Chaque  chapitre  de  cet  article  présente  à  la  fois  les  résultats  expérimentaux  et  les  modèles  théoriques 
qui  ont  été  obtenus  pour  chaque  phase  individuelle.  Ces  dernières  années,  un  grand  nombre  de  systèmes  de  mesures 
complexes  ont  été  utilisés  pour  étudier  les  conditions  locales  des  diverses  phases  de  la  décharge  (distorsion  de  la 
charge  d'espace,  champ  électrique,  énergie  des  électrons,  température  et  densité  du  gaz,  etc..)  :  la  première  partie 
de  chaque  chapitre  présente  un  sommaire  de  ces  divers  résultats  expérimentaux  afin  de  définir  les  conditions 
physiques  sous  lesquelles  la  décharge  se  développe  et  de  choisir  le  phénomène  élémentaire  qui  semble  dominant. 
La  seconde  partie  de  chaque  chapitre  présente  les  divers  modèles  théoriques  qui  ont  été  obtenus  en  simplifiant 
les  équations  électromagnétiques,  hydrodynamiques  et  thermodynamiques  de  base  en  accord  avec  le  phénomène 
dominant.  Le  bon  accord  entre  les  résultats  calculés  et  mesurés  expérimentalement,  sous  une  large  variation  de 
conditions  de  test,  atteste  qu'une  nette  étape  en  avant  a  été  effectuée  ces  dernières  années  dans  le  domaine  de  la 
recherche  sur  la  physique  des  arcs  longs.  •-  -    ■  , 

L  objectif  final,  à  savoir,  la  formulation  d'un  modèle  complet  du  claquage,  capable  de  prédire  les  propriétés  de  la 
décharge  dans  toutes  les  configurations  pratiques  en  partant  des  processus  physiques  élémentaires,  n'est  pas  encore 
réalisé,  mais  cela  semble  être  une  possibilité  réaliste  pour  le  développement  des  recherches  dans  ce  domame. 
Abstract.  -  The  aim  of  this  paper  is  to  présent  the  state  of  the  art  of  the  research  on  the  physics  of  long  sparks. 
The  référence  configuration  is  a  non  uniform  long  gap  subjected  to  positive  impulse  voltages,  which  is  the  laboratory 
schematization  of  the  most  critical  conditions  occurring  in  the  design  of  EHV  apparatus.  Under  thèse  conditions, 
the  spark  formation  develops  through  différent  subséquent  phases  :  the  inception  of  the  first  lonization  phenomena, 
the  development  of  corona  streamers,  the  formation  of  the  corona  stem  and  of  the  leader  channel,  the  leader 
propagation,  the  time-evolution  of  the  leader  characteristics,  the  appearance  of  channel  reillummations,  the  final 
jump  and  the  transition  to  the  highly  conductive  spark  channel.  Each  phase  is  governed  by  a  complex  mteraction  of 
electromagnetic,  hydrodynamic  and  thermodynamic  elementary  processes.  Each  chapter  of  the  paper  présents 
both  the  expérimental  results  and  the  theoretical  models  which  have  been  obtained  for  each  smgle  phase.  In  récent 
years  a  number  of  sophisticated  measurmg  Systems  have  been  used  to  study  the  local  conditions  of  the  différent 
discharge  phases  (space  charge  distribution,  electric  field,  électron  energy,  gas  température  and  density,  etc..)  : 
the  first  part  of  each  chapter  présents  a  summary  of  thèse  expérimental  results,  in  order  to  define  the  physical 
conditions  under  which  the  discharge  develops,  and  to  select  the  elementary  phenomena  which  appear  to  be 
dominant.  The  second  part  of  each  chapter  présents  the  différent  theoretical  models,  which  have  been  obtained  by 
simplifying  the  basic  electromagnetic  hydrodynamic  and  thermodynamic  équations,  accordmg  to  the  dommant 
phenomena.  The  good  agreement  between  computed  and  expérimental  results,  over  a  large  variety  of  test  condi- 
tions, certify  the  large  steps  forward,  which  have  been  taken  in  the  last  years  by  the  research  on  the  physics  ot 
long  sparks.  •    .  r 

The  final  objective,  i.e.  the  formulation  of  a  complète  breakdown  model,  able  to  predict  the  discharge  leatures  m 
ail  the  possible  practical  configurations,  starting  from  the  physics  of  the  elementary  phenomena,  is  not  yet  realized, 
but  it  appears  as  a  realistic  possibility  of  the  further  development  of  the  research  in  this  area. 


Introduction.  —  Much  of  the  research  carried  out 
in  reœnt  years  in  the  field  of  EHV  and  UHV  power 
transmission  dealt  with  the  practical  problems  of 
dielectric  behaviour  of  external  insulation.  The  large 
variations  of  the  dielectric  strength  of  large  air  gaps 
depending  on  the  différent  practical  électrode  configu- 


rations and  the  various  forms  of  voltage  surgcs  which 
can  appear  in  a  H.V.  network,  make  the  engineering 
approach  of  fui!  scale  tests  very  long  and  expensive. 
For  this  reason  the  breakdown  processes  have  been 
investigated  in  the  last  ten  years  essentially  from  the 
point  of  view  of  the  basic  physical  processes.  The 
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objective  is  to  make  available  a  number  of  physical  and 
mathematical  models,  able  to  predict  the  insulation 
behaviour  under  différent  practical  conditions. 

The  présent  paper  is  an  attempt  to  summarize  the 
work  which  has  been  donc  in  this  direction  in  the  last 
years;  it  refers  essentially  to  rod-plane  configurations 
subjected  to  positive  switching  surge  voltages,  which 
represent  the  most  critical  "conditions.  Part  of  the 
material  presented  is  original  or  published  work  of 
the  author  ;  part  has  been  derived  from  published  work 
of  other  authors.  However,  the  most  part  of  this  paper 
cornes  from  the  results  of  international  collaborations 
and  contacts  :  a  great  deal  of  the  expérimental  work  has 
been  carried  out  recently  by  the  Les  Renardières 
Group  ;  the  most  part  of  the  theoretical  models  have 
been  developed  in  permanent  discussion  and  coo- 
pération with  E.  Marode  and  G.  Hartmann  ;  some  of 
the  work  presented  makes  part  of  a  collaboration 
with  R.  Brambilla;  the  author  is  also  greatful  to  the 
numerous  colleagues  ail  around  -the  world,  whose 
helpful  discussions  were  essential  for  the  development 
of  the  work  :  their  names  cover  practically  ail  the  list 
of  the  références. 

The  main  chronological  séquence  of  eventscompos- 
ing  the  positive  impulse-voltage  discharge  in  rod  and 
sphere-plane  geometry  can  be  defined  by  the  différent 
éléments  and  the  subséquent  phases,  schematically 
sketched  in  figure  1. 

Provided  tjjat  the  electric  field  strength  attains 
sufficiently  high  values,  the  discharge  commences  at  a 
time  r,  after  a  time-lag  during  which  a  suitably  placed 
free  électron  is  generated. 


Fig.  I .  —  Streak  Photograph  {a)  and  schematic  représentation  (b) 
of  a  long  spark  (positive  point-piane  gap,  10  m  in  length,  500/ 
1  000  |is  wave). 


The  first  corona  represents  the  first  observable 
ionization  processes,  which  usually  take  the  form  of 
filamentary  channels  or  streamers  («).  The  current 
impulse  consists  of  a  steep  increase  to  a  maximum 
value,  followèd  by  an  exponential  decay.  As  a  resuit  of 
the  corona  growth  a  net  positive  charge  is  rapidly 
injected  into  the  gap.  At  the  root  of  the  corona  strea- 
mers a  short  bright  channel  is  observed  (the  stem, 
h  in  figure  1)  :  from  it  the  further  development  of  the 
discharge  takes  origin. 

This  next  phase  is  dépendent  upon  the  degree  of 
non-uniformity  of  the  electric  field  distribution  in 
the  gap.  In  very  divergent-field  configurations,  the 
injected  space  charge  is  sufficient  to  reduce  significant- 
ly  the  electric  field  strength.  The  recovery  of  this  field 
will  be  dépendent  upon  the  rate  of  rise  of  the  applied 
voltage  and  the  dissipation  rate  of  the  space  charge. 
Until  this  recovery  occurs  no  ionization  processes  are 
détectable  in  the  gap  for  a  time  duration  t^,  called 
dark  period.  For  more  uniform  configurations  the 
dark  period  may  be  absent  and  a  spark  leader  chan- 
nel (c)  initiâtes  from  the  anode  at  a  time  t^.  In  any 
case  this  leader  growth  is  preceded  by  a  secondary 
corona  discharge  which  generally  consists  of  a  number 
of  very  fine  filaments,  when  compared  with  the  first 
corona. 

The  spatial  characteristics  of  the  leader  channel 
are  those  of  a  narrow  irregular  path  often  propagating 
in  a  direction  making  a  considérable  angle  to  the 
direction  of  the  applied  field.  Its  velocity  of  propaga- 
tion is  dépendent  upon  the  geometry  of  the  gap  and 
the  applied  voltage.  The  luminosity  of  the  leader 
channel  is  generally  low  except  at  its  tip.  Leader 
growth  is  continuons  unless  the  rate  of  increase  of 
applied  voltage  is  too  low  or,  under  some  conditions, 
sudden  elongation  and  brightening  of  the  channel 
occurs.  Such  phenomena  are  known  as  reillumina- 
tions or  restrikes  {e)  :  thèse  are  high-velocity  disconti- 
nuous  increases  in  leader  length  accompanied  by  a 
large  corona  puise  (/),  and  by  a  brief  increase  of  the 
leader  luminosity  and  the  current  flow  in  the  discharge. 

The  leader  corona  {d)  is  a  voluminous  discharge, 
showing  some  évidence  of  a  filamentary  structure, 
which  ionizes  the  air  ahead  of  the  leader  channel. 
It  is  the  mechanism  by  which  current  flow  in  the 
developing  discharge  is  maintained,  and  modifies 
the  electric  field  distribution  in  the  gap. 

The  final  jump  {g)  is  the  last  stage  of  leader  growth 
prior  to  spark-over.  Leader  formatioi  of  itself  is  not  a 
sufficient  criterion  of  spark-over.  Its  growth  may, 
over  a  wide  range  of  voltages,  terminate  spontaneously. 
If  it  approaches  sufficiently  close  to  the  plane,  however, 
its  velocity  and  the  discharge  current  increase  appre- 
ciably  at  time  tj,  and  the  spark  path  is  completed  at  a 
time  /fl. 

1 .  First  corona  inception.  —  1.1  Expérimental 
RESULTS.  —  When  a  voltage  wave  is  applied  to  a  long 
gap,  the  first  corona  starts  with  a  time-lag  which 
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varies  from  shot  to  shot  :  as  a  conséquence  the  incep- 
[ion  times  /,  and  voltages  are  statistically  spread 
on  the  front  of  the  voltage  impulse  :  in  figure  2  the 


800 


Fig.  3.  —  The  minimum  inception  tield  as  a  function  of  the  gap 
divergence  factor;  the  sohd  and  dashed  Unes  represent  theoretical 
calculations  (see  text). 


Pig  2.  First  corona  inception  voltage  t/,  versus  inception  time 

for  différent  rates  of  voltage  rise.  The  bars  represent  the  standard 
déviations  along  the  voltage  wave.  (4  m  hemisphere-plane  gap. 
/?  =  5  cm  ;  (û)  without  UV  irradiation,  (h)  with  UV  irradiation.) 

average  values  of  this  distribution  are  given  for  diffé- 
rent voltage  rates  of  rise,  together  with  their  standard 
déviations.  If  the  h.v.  électrode  is  irradiated  with  a 
source  of  ultraviolet  light,  of  sufficient  intensity  to 
produce  ionization  in  the  high  field  région,  both  the 
average  inception  times  and  voltages  are  lowered  [1] 
and  the  standard  déviations  become  negligible  (Fig.  2). 
This  indicates  two  important  facts  :  first,  the  statis- 
tical  distribution  of  inception  time-lags  should  be 
related  to  the  availability  of  initiatory  électrons  in  an 
appropriate  région  of  the  gap,  and  the  statistical 
fluctuations  should  dépend  on  the  variable  rate  of 
électron  libération;  second,  even  if  free  électrons  are 
available  near  the  h.v.  électrode  at  the  moment  of 
voltage  application,  there  is  a  minimum  voltage 
or  field  below  which  the  corona  streamers  cannot 
form. 

To  compare  inception  fields  obtained  with  différent 
gaps  and  électrodes,  the  field  divergence  factor  dj 
and  the  équivalent  curvature  radius  can  be  defined  by 
the  relation, 


where  Ey  is  the  applied  field;  for  an  isolated  sphère 
equals  the  radius  of  the  sphère. 

The  minimum  inception  field  is  reported  in  figure  3 
as  a  function  of  the  divergence  factor  ;  it  is  the  enve- 
lope  of  the  expérimental  minimum  values. 

The  expérimental  probability  distributions  of  incep- 
tion time  lags  and  inception  fields  are  reported  in 
figure  4.  As  it  would  be  expected  the  mean  values  of 
ti  decrease  with  increasing  the  voltage  rate  of  rise 
dU/dt  :  on  the  contrary,  the  mean  values  of  (7,  and 


t.(,.) 


E,(Kv/cm) 


Fig.  4.  —  Probability  distributions  of  inception  time  and  field,  ; 
différent  crest-voltage  levels  (7  m  hemisphere-plane  gap,  /?  =  30  cr 
320/10  000  us  wave). 


Ei  increase.  Correspondingly,  the  standard  déviation 
of  ti  decreases  with  increasing  dU/dt,  whereas  the 
standard  déviations  of  and  £,  increase  (Fig.  5). 
This  indicates  that  the  statistical  time-lag  dépends 
upon  the  volume  from  which  an  initiatory  électron 
can  develop  into  a  corona  streamer  and  upon  the 
electric  field  within  it  :  with  a  high  value  of  dU/dt, 
at  the  minimum  inception  voltage,  both  parameters 
increase  rapidly  and  the  statistical  time-lag  is  small, 
but  with  high  inception  fields  and  voltages.  The  same 
is  true  for  the  standard  déviations  :  it  has  been  experi- 
mentally  verified  [2]  that  the  product  of  time  and  field 
standard  déviations  is  roughly  a  constant  (Fig.  5). 
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(dE/dt)j^ji  (kV  cmVsM 

Fig.  5.  —  Standard  déviations  of  inception  time  and  field  as 
functions  of  the  field  rate  of  rise,(7  m  hemisphere-plane  gap, 
R  =  20  cm,  320/10  000  us  wave). 


1.2  Minimum  inception  field.  —  The  first  step 
for  the  calculation  of  the  minimum  inception  voltage 
is  the  détermination  of  the  conditions  under  which  a 


The  stability  charge  in  a  zéro  applied  field  is 
(0.55  X  lO^.e),  which  is  slightly  lower  than  the  value 
computed  by  Dawson  and  Winn  [5],  the  discrepancy 
being  due  to  the  différent  simplifying  assumptions  and 
the  computation  methods  used  in  the  models. 

The  computation  of  the  minimum  inception  voltage 
is  based  on  the  following  criteria.  Let  us  consider  an 
électrode  configuration  with  a  known  field  distribu- 
tion EyiiP)  per  unit  applied  voltage;  at  a  specified 
voltage  U  it  is  possible  to  define  the  boundary  of  the 
active  région  (the  surface  over  which  the  applied  field  is 
equal  to  26  kV/cm).  The  more  favorable  avalanche  for 
corona  inception  develops  along  the  line  of  maximum 
stress  starting  from  the  boundary  (z  =  zj  of  this 
active  région.  The  charge  (eN/)  produced  by  this 
avalanche  can  be  computed  either  by  simple  intégra- 
tion of  the  rate  équation  for  coUisional  ionization, 
up  to  the  électrode  surface  (z  =  Zq), 

7V;  =  exp|^  j    (a  -  ,j)  dx  j  ,  (3) 

where  a  and  r]  are  the  ionization  and  attachment 
coefficients;  or  by  more  sofisticated  computer  simu- 
lations which  account  also  for  diffusion  and  space 
charge  field  distortion  [5,6].  If  this  charge  results 


streamer  can  propagate  at  a  specified  value  of  the 
applied  field.  According  to  the  model  described  in  §  2, 
the  streamer  tip  is  represented  by  a  sphère  of  radius  R, 
containing  A'^,  positive  ions  ;  in  air  the  propagation  is 
assured  by  a  séries  of  new  avalanches  growing  in 
the  active  région,  where  the  total  field  E,  (the  space 
charge  field  plus  the  applied  field  E^)  is  higher 
than  26  kV/cm  ;  this  séries  of  avalanches  is  represented 
in  the  model  by  a  single  équivalent  avalanche,  which 
satisfies  to  an  energy  balance  équation  relative  to  the 
avalanche  formation  as  équivalence  condition.  The 
head  of  the  équivalent  avalanche  of  radius  R  '^  and 
containing  N'^  positive  ions  reproduces  the  streamer 
tip  in  a  more  advanced  position  in  the  gap. 

As  criterion  for  propagation  it  is  assumed  that  the 
charge  in  the  streamer  tip  {N^-e)  must  be  higher 
than  a  minimum  value  (A^stab-^')  {stability  charge)  :  the 
latter  is  defined  as  the  minimum  charge  which  produces 
a  space  charge  field  E^  high  enough  to  make  the  greatest 
avalanche  which  can  develop  in  the  active  région  able 
to  reproduce  the  streamer  tip  (A^s  =  A^^ab^^s'  =  ^aab)- 
The  stability  charge  dépends  on  the  applied  field  E^  : 
its  values  have  been  calculated  [3]  by  means  of  an 
itérative  computer  program,  which  simulâtes  the 
avalanche  development  [4],  and  have  been  interpolated 
by  a  computer  least-squares  best-fit  method. 


(2) 


higher  (or  lower)  than  the  stability  charge  correspond- 
ing  to  the  value  of  the  applied  field  on  the  électrode 
surface,  the  voltage  U  results  to  be  higher  (or  lower) 
than  the  minimum  inception  voltage  :  the  latter  value 
can  be  calculated  iteratively. 

In  figure  3  the  computed  variation  of  the  minimum 
Inception  field  with  the  field  divergence  is  reported 
for  comparison  with  the  corresponding  expérimental 
results  :  the  dashed  line  represents  the  theoretical 
calculations,  according  to  eq.  (3);  obviously  they  are 
slightly  lower  than  those  calculated  with  the  more 
sofisticated  avalanche  simulation,  because  the  quench- 
ing  effects  of  électron  diffusion  and  space  charge  field 
distortion  are  neglected.  The  expérimental  results 
are  sometimes  lower  than  the  computed  ones,  particu- 
larly  when  they  refer  to  irradiated  gaps  :  in  efïect  in 
this  case  the  number  of  free  électrons  available  to  start 
corona  avalanches  can  be  much  larger  than  one. 
It  can  be  seen  that,  in  the  range  0.05  <  df  <  5  cm"  \ 
the  minimum  inception  field  increases  almost  loga- 
rithmically  with  the  field  divergence, 

£,.  =  6.77  log  (1.75  X  lO'.df)  (4) 

where  Ej  is  expressed  in  kV/cm  and  in  cm"  '.  This 
increase  of  £,  with  df  is  due  to  the  fact  that  the  active 


0.558  X  10«  -  0.231  x  lO\Eg  (for  E^  ^  2  x  10^  V/cm) 

3.34  X  10\exp(-  1.614  x  10"^£g)    (for  £^  ^  2  x  10^  V/cm)  . 
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région  and  hence  the  avalanche  path  is  smaller  with 
large  divergence  :  a  higher  field  is  therefore  needed  for 
the  génération  of  a  charge  above  the  stability  value. 

1.3  INCEPTION  PROBABILITY  DENSITY.         In  order 

to  simulate  the  statistical  distribution  of  corona 
inception  above  the  minimum  field,  it  is  necessary  to 
calcuiate  the  criiical  volume  around  the  rod  tip,  in 
which  the  production  of  an  électron  leads  to  corona  [3, 
6].  First  the  length  on  the  axis  of  the  system  over  which 
a  free  électron  gives  corona  must  be  found.  This  cri- 
tical  length  is  limited  because  if  the  électron  is  too 
close  to  the  électrode  it  coUides  with  it  before  the 
avalanche  has  produced  a  total  number  of  ions  larger 
than  the  critical  charge.  If  it  is  too  far  away  the  field 
strength  drops  below  26  kV/cm  and  the  avalanche 
cannot  start.  At  the  minimum  corona  inception  vol- 
tage there  is  only  one  point  on  the  gap  axis  where  the 
conditions  are  satisfied.  As  the  électrode  voltage 
,  increases,  the  critical  length  increases,  the  outer 
boundary  following  the  26  kV/cm  contour  and  the 
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Fig.  6.  —  The  criiical  volume,  where  a  free  électron  can  start 
corona,  at  différent  voltage  levels  (1.5  m  hemisphere-plane  gap, 
R  =  1  cm). 


inner  boundary  moving  in  towards  the  électrode. 
Once  the  minimum  corona  inception  voltage  has 
been  exceeded  it  is  possible  for  électrons  in  off-axis 
position  to  produce  corona.  The  techniques  used  to 
calcuiate  the  critical  length  on  the  axis  can  also  be  used 
oflf-axis  and  then  a  critical  volume  v,  is  defined,  from 
which  an  électron  can  initiate  corona.  The  volume  is 
calculated  as  a  function  of  the  électrode  voltage,  but  it 
can  be  transformed  into  a  function  of  time  simply 
from  the  shape  of  the  voltage  impulse. 

The  next  slep  in  the  calculation  is  to  convert  the 
volume  into  probability  distributions  for  the  occur- 
rence of  the  first  corona.  To  do  this  we  need  to  know 
the  rate  of  électron  production  in  the  critical  volume. 
The  natural  production  rate  of  free  électrons  due  to 
cosmic  rays  (or  other  natural  phenomena)  is  around  10 


electrons/cm  ' .s  and  is  therefore  l'ar  too  low  in  the 
case  of  impulse  applied  voltages  where  the  times 
are  generally  lower  than  some  hundreds  of  ^s.  How- 
cver,  even  if  this  cosmic  radiation  is  not  sufficient  for 
the  direct  production  of  the  first  électron,  it  détermines 
a  steady  state  concentration  of  négative  ions  (equili- 
brium  between  production  and  recombination  rates). 
The  removal  of  an  électron  from  the  négative  ions 
under  the  influence  of  the  applied  electric  field,  is 
believed  to  be  the  dominant  mechanism  for  primary 
électron  production  [3,  6-10].  The  number  of  électrons 
produced  per  unit  volume  and  unit  time  n^/x^,  where 
n  is  the  négative  ion  density  and  their  mean 
lifetime.  It  can  be  shown  in  long  gaps  that  also  under 
the  action  of  drift  after  the  voltage  application  the 
négative  ion  concentration  remains  uniform  in  the 
critical  volume  up  to  time  r,  [3,  10]  ;  on  the  contrary 
dépends  on  the  electric  field  and  varies  in  time  and 
space.  The  total  frequency  of  électron  production 
can  be  calculated  by  intégration  over  the  critical 
volume 

It  has  been  shown  [3]  that  the  inception  probability 
density  ^^(0,  associated  to  the  time  t,  has  a  Poisson- 
like  distribution, 

f-it)  =  pXt)  exp      I  Peit)  drj  ,  (5) 

which  dépends  essentially  on  the  génération  rate  of 
primary  électrons  in  the  critical  volume,  and  hence  on 
the  électrode  geometry  and  voltage  wave  shape.  The 
exponential  term  in  eq.  (5)  represents  the  probability 
F(y{t)  that  corona  doesn't  start  before  time  î  : 

(6) 

Eqs.  (5)  and  (6)  can  be  very  useful  because  they  make 
possible  to  calcuiate  analytically  the  frequency  of 
électron  génération  pj,t),  from  best  fit  expressions  of 
the  expérimental  measurements  of  (Fig.  4). 

In  figure  7  the  values  of  p^  are  reported  as  a  function 
of  the  applied  voltage  (7,  in  a  10  m  cone  plane  gap  [8], 
for  différent  values  of  air  humidity.  From  this  figure  it 
is  possible  to  see  that  humidity  has  a  very  large  inhibi- 
tory  action  on  the  électron  release  in  the  critical 
volume. 

1  .4  Primary  ri.ectron  production.  —  In  order 
to  explain  such  an  effect,  it  is  necessary  to  assume 
that  humidity  affects  the  process  of  électron  detach- 
ment  of  négative  ions  [7,  8].  The  nature  of  the  négative 
ions  of  atmospheric  interest,  and  the  most  important 
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conversion  reactions  which  can  change  the  primary 
ions  into  secondary  species,  have  been  discussed  in 
détail  by  Bastien  et  al.  [11]  :  the  stable  type  which  can 


develop  from  the  three-body  attachment  of  the  élec- 
trons produced  by  cosmic  radiation  [12]  is  O2  (HjO)^, 
according  to  the  cascade  clustering  reactions  : 


O2  +  M  +  , 


+  M 


0-2  +  H2O  +  M^:^02  (H2O)  +  M 


Oj(H20)  +  H2O  +  M,^02(H20)2  +  M       02(H20)2  +  H2O  +  M^=:^02(H20)3  +  M. 


(7) 


Clusters  larger  than  n  =  2>  are  not  probable  because 
the  production  rate  is  very  small.  The  best  estimâtes  of 
the  rate  constant  at  300  K  and  zéro  field  are  reported 
in  table  I  [1 1-14],  together  with  the  cluster  dissociation 
energy  Dq,  the  effective  électron  detachment  energy 
Z)j,  and  the  variation  of  the  standard  Gibbs  function 
AG°  [15]. 

The  population  repartition  between  the  différent 
cluster  numbers  dépends  on  the  equilibrium  between 
direct  and  inverse  reaction  rates  :  itcan  be  easily  shown 
from  the  values  reported  in  table  1  that  the  most 
probable  type  in  air  at  atmospheric  pressure  is 
02-(H20)3. 

While  the  energy  for  the  dissociation  of  a  water 
molécule  decreasss  with  the  cluster  number,  the  energy 
Z)j  necessary  to  detach  an  électron  increases  (see 
Table  I).  As  a  conséquence,  the  direct  électron  detach- 
ment from  the  cluster  ions  has  a  very  low  probability  ; 
the  électron  production  in  the  critical  volume  should 
preferentially  follow  a  cascade  declustering  process 
and  the  detachment  of  the  O2  ions  which  are  finally 
formed. 

When  the  electric  field  is  applied  in  the  critical 
volume,  the  négative  ions  are  accelerated  and  their 
température  r_  becomes  larger  than  the  gas  tempéra- 
ture T.  Consequently  the  rates  of  the  clustering- 
declustering  reactions  are  changed  :  as  the  clustering 
is  an  exothermic  process  with  low  activation  energy, 
its  rate  is  only  slightly  affected  by  the  variation  of  the 
ion  température  ;  on  the  contrary,  the  declustering 
reaction  is  endothermic  with  an  activation  energy  of 
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Fig.  7.  —  Expérimental  frequency  of  électron  production  inside 
the  critical  volume  as  a  function  of  the  applied  voltage  (10  m  cone- 
plane  gap). 


the  order  of  Dq,  and  its  rate  is  very  sensitive  to  the  ion 
température.  The  equilibrium  constant  K„p  for  the 
formation  and  dissociation  of  the  «-th  cluster  varies 
with  température  according  to  the  relation  [15] 


/^.,(r)  =  ^î(A)  =  exp(-^-), 


(8) 


-  The  thermo-kinetic  parameters  of  reactions  (7). 
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reactions  (7).  For  atmospheric  air  under  normal 
condition  it  results 


Pig  8  _  The  équivalent  detachment  lifetime  as  a  function  of 
ihe  electric  field,  for  différent  humidity  values.  The  points  are 
expérimental  estimâtes  (see  text). 


where  is  the  gas  number  density  at  standard  pres- 
sure and  température  T,  and  AG°y.  is  the  variation 
of  the  standard  Gibbs  function  at  température  T. 
Eq.  (8)  has  been  used  to  calculate  the  values  of  AG° 
at  300  K  reported  in  table  I  ;  it  holds  rigorously  only 
in  thermodynamic  equilibrium  ;  however,  it  has  been 
shown  by  Vamey  [16]  that  it  can  be  applied  also  to  the 
case  of  r_  >  T,  if  an  adéquate  température  scale  is 
used  for  the  négative  ions  as  a  function  of  the  reduced 
applied  field  EIP, 


i  - 


(9) 


where  éf  is  a  constant  which  dépends  slightly  on  the 
nature  of  ions  and  gas  molécules  :  it  is  8  x  10"  ^  V/cm 
torr  K  for  nitrogen  ions  in  nitrogen.  For  the  présent 
calculations  it  has  been  adjusted  around  this  value  to  fit 
with  eq.  (8)  the  available  expérimental  results  on 
attachment  and  detachment  rates  in  air  as  functions 
of  E/P. 

The  variation  of  the  Gibbs  function  AG^j  has  been 
assumed  to  dei^end  essentially  on  the  gas  température  T 
and  not  on  the  ion  température  T_  :  as  a  conséquence, 
the  values  reported  in  table  I  can  be  used  in  the 
présent  case  for  ail  the  E/P  values.  The  variation  of 
the  rate  constant  ratio  with  the  applied  field  can  be 
therefore  calculated  as  : 


I 

:  —  e 


f[H.O]^[l+[H.O]^(l+[H,0]^)] 


(11) 

where  [H2O]  is  the  absolute  water  vapour  concentra- 
tion. From  the  data  in  table  I  it  is  possible  to  see  that 
[U20].kjk_„  P  1,  and  hence  the  équivalent  detach- 
ment time-constant  becomes 


[HaO]^ 
and  by  use  ofeq.  (10), 


The  équivalent  time-constant  of  the  complète  cascade 
declustering  and  detachment  process  can  be  calculated 
from  the  system  of  rate  équations  for  the  chain  of 


ki  kj  ki 


k,{N^y 


(12) 


(13) 


where  h,  =  [HzOJ/A^^  is  the  fractional  concentration 
of  water  vapour.  The  three-body  attachment  rate  k„ 
is  a  function  of  the  reduced  field  Ejp  :  a  large  amount 
of  expérimental  data  is  available  in  the  literature  [17- 
20].  The  computed  values  of  are  reported  in  figure  8 
as  a  function  of  the  reduced  field  Ejp,  for  différent 
values  of  h,  :  it  can  be  clearly  seen  from  both  figure  8 
and  eq.  (13)  the  large  influence  of  humidity  on  the 
declustering  process,  which  is  consistent  with  the 
results  of  figure  7. 

To  do  better  comparison  between  expérimental 
and  computed  results  the  effective  production  rate 
«_/Td  has  been  calculated  as  a  function  of  Ejp  from 
the  expérimental  results  of  p,  in  a  very  wide  range  of 
configurations.  An  analytical  function  has  been 
optimized,  to  map  the  values  of  «./t^  over  the  critical 
volume,  able  to  fit  the  expérimental  values  oïp,  over 
the  complète  range  of  configurations  and  applied 
voltages  (see  Fig.  7).  From  the  results  the  expérimental 
values  of  can  be  derived  (Fig.  8)  :  the  agreement  is 
largely  satisfactory.  According  to  the  theoretical  hfe- 
times,  by  use  of  eqs.  (4)  and  (5),  the  inception  proba- 
bility  distributions  have  been  computed  for  the  cases 
of  figure  4  :  the  solid  Unes  in  the  figure  are  the  results 
of  thèse  calculations.  It  has  been  also  demonstrated 
that  the  expérimental  pattern  of  the  standard  dévia- 
tions CT,,,  and  a„  (Fig.  12),  can  be  deduced  in  a  sim- 
plified  way  from  the  outlined  theory  [2]. 


2.  Streamer  formation  and  propagation.  2.1 

ExPKRiMnNTAi,  RESULTS.  The  firsl  corona  (Fig.  9) 
consists  of  a  number  of  narrow  branched  channels 
(streamers),  which  develop  from  acommon  root  on  the 
électrode  surface  (corona  stem).  It  is  associated 
to  a  current  puise  with  a  short  risc-timc  (10-50  ns) 
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and  a  longer  almost  exponential  tail  (200-500  ns), 
and  to  a  sharp  decrease  of  the  electric  field  on  the  point 
électrode,  due  to  the  formation  of  a  positive  space 
charge.  The  streak  photographs  indicate  that  each 
branch  is  characterized  by  a  luminous  tip.  which 


Fig.  9.  —  The  first  corona  puise;  (a)  and  (h)  streak  and  static 
photos;  ((■)  current  in  the  anode;  (d)  electric  field  on  the  anode 
surface. 


propagates  into  the  gap  with  a  velocity  in  the  range 
10^-10^  cm/s.  The  corona  size  (extension,  current, 
charge  and  light  émission)  dépends  essentially  on  the 
field  distribution  in  the  région  where  the  development 
takes  place  (Fig.  10). 
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Fig.  10.  —  The  first  corona  charge  as  a  function  of  the  inception 
voltage,  for  différent  rates  of  voltage  rise.  The  solid  lines  are  the 
theoretical  calculations  (see  text)  (1.5  m  rod-plane  gap  ;  square  eut 
end,  1  cm  radius;  0.9/1  500  us  wave). 


The  streamer  characteristics  in  air  at  atmospheric 
pressure  have  been  studied  extensively  in  short 
gaps  [21-28],  because  of  the  better  reproducibility 


of  the  discharge  and  the  higher  sensitivity  of  the  mea- 
suring  Systems.  With  a  detailed  study  of  the  expéri- 
mental results,  particularly  of  the  displacement  and 
conduction  currents,  Marode  [21]  has  shown  that 
the  streamer  is  formed  of  two  régions  (Fig.  11)  :  the 
streamer  tip,  or  active  région,  where  the  luminous 
émission  and  the  ionization  processes  take  place, 
and  the  channel  or  passive  région,  where  the  électrons 
generated  in  the  tip  flow  towards  the  point  électrode 
and  remains  attached  to  the  electronegative  molécules. 

2.2  The  passive  région.  —  It  has  been  shown  by 
différent  experiments  and  theoretical  simulations  [22- 
24]  that  the  current  flowing  in  the  passive  région  is 
essentially  an  electronic  conduction  current;  after  a 
compensation  phase  [22],  which  lasts  in  short  gaps 
about  10  ns,  the  charge  is  rearranged  along  the  channel 
so  that  a  stable  equilibrium  is  reached  between  the 
electrostatic  potential  distribution  and  the  current 
field  :  the  same  conduction  current  flows  in  a  résistive 
régime  along  ail  the  streamer  channel, 

I=^na'aE,  (H) 

where  a  is  the  filament  radius,  a  its  conductivity  and  E 
the  local  field  ;  the  field  repartition  follows  the  conduc- 
tivity variations.  The  net  positive  charge,  distributed 
along  the  channel  to  establish  the  capacitive  distribu- 
tion of  the  electrostatic  potential,  can  be  estimated 
according  to  the  measurements  of  Suzuki  [24]  to  cor- 
respond to  an  excess  of  6  X  10^-3  X  10^  positive  ions 
per  cm.  The  électron  charge  per  unit  length  is  more 
than  three  order  of  magnitude  larger  (7.10^^- 
6.10'^  electrons/cm)  :  the  channel  can  be  therefore 
assumed  to  be  a  quasi-neutral  plasma  filament  in 
electrostatic  equilibrium  :  according  to  the  results  of 
Marode  et  al.  [25]  the  excess  of  positive  ion  charge 
is  located  at  the  external  boundary  of  the  plasma 
channel,  and  expands  slowly  due  to  ambipolar 
diffusion. 

The  radius  has  been  estimated  by  Marode  [21] 
in  the  range  10  to  30  |im  ;  the  corresponding  électron 
density  can  therefore  vary  from  5  x  10^^  to  10^^  cm  ^ 
However  in  long  gaps  the  électron  density  can  be 
much  lower,  because  the  attachment  process  reduces 
the  number  of  free  électrons  in  their  flow  towards  the 
anode  :  obviously  this  will  correspondingly  raise  the 
density  of  négative  ions. 

The  three  body  and  the  dissoci^tive  attachment 
have  been  demonstrated  to  be  the  dominant  électron 
collision  processes  in  the  passive  région  :  in  short 
gaps,  Marode  [22]  has  shown  that  the  résistive  current 
tail  of  the  corona  puise  (Fig.  1 1  )  varies  with  the  partial 
pressure  of  the  electronegative  O2  molécules,  accord- 
ing to  the  change  of  the  average  attachment  lifetime. 
Similarly,  in  long  gaps  the  change  of  absolute  humi- 
dity  aflfects  the  almost  exponential  current  decay  of 
the  first  corona  (Fig.  12)  :  the  solid  lines  in  this  figure 
represent  the  best  fit  exponential  curves,  with  a  decay 
time-constant  theoretically  fixed,  according  to  the 
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hiec-body  attachmciU  rates  ol"  oxygen  and  water 
apor  molécules  [17-20]. 


c) 

Fig.  11.  —  The  development  of  positive  streamers  in  short  gaps  : 
(a)  schematic  représentation  of  the  streamer  advancement  ;  (b) 
conduction  current  at  the  plane  I,  and  total  current  at  the  point 
/   [22];  (c)  high  speed  streak  photo  of  the  streamer  head  [25]. 


2.3  The  active  région.  —  When  the  streamer  tip 
reaches  the  plane  a  sharp  puise  of  conduction  cur- 
rent (Fig.  11)  indicate  the  neutralization  of  a  net 
concentrated  positive  charge.  Hartmann  [26-29]  has 
done  a  detailed  analysis  of  the  spectra  emitted  by  the 
streamer  tip,  and  has  derived  the  average  values  of  the 
electronic,  vibrational  and  rotational  températures; 
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Fig.  12.  -  The  influence  of  humidity  on  Ihc  current  taii  of  the 
corona  puise;  the  solid  lines  are  calculated  according  to  the  varia- 
tions of  the  attachment  coefficient  (1.5  m  hemisphere-plane  gap, 
R  =  1  cm). 


the  average  électron  cncrgy  in  the  active  région  is  in 
the  range  10-15  eV,  which  corresponds  to  average 
fields  of  the  order  of  100-150  kV/cm  [26].  Spectro- 
scopic  measurements  of  the  light  emitted  by  the  first 
corona  in  long  gaps  [30,  31]  have  given  values  of  the 
électron  énergies  (in  the  range  5-7  eV)  and  of  the  ave- 
rage fields  (45-75  kV/cm)  ;  however  the  subséquent 
coronas  developing  from  the  leader  tip  présent  larger 
énergies  and  electric  fields  (see  5.1).  As  the  streamer 
tip  propagates  in  external  fields  as  low  as  a  fraction  of 
kV/cm,  the  field  in  the  active  région  is  essentially  due 
to  the  positive  space  charge  in  the  tip  itself. 

The  rotational  température,  which  can  be  assumed 
as  a  good  estimate  of  the  gas  température,  also  under 
répétitive  conditions  [26]  do  not  exceed  330  K  :  this 
indicate  that  corona  streamers  are  cold  discharges,  i.e. 
they  are  governed  essentially  by  gaseous  electronic 
processes,  but  they  do  not  produce  significant  thermal 
and  gas-dynamic  phenomena.  This  has  been  recently 
confirmed  by  Schlieren  photographs  [32],  which  do  not 
show  any  appréciable  change  of  the  gas  température 
and  density.  On  the  contrary  the  vibrational  tempéra- 
ture is  raised  in  the  active  région  and  in  the  streamer 
channel  largely  above  1  000  K  :  the  vibrational  energy 
is  then  relaxed  in  long  times  because  of  the  long  life- 
times  of  the  vibrational  states  [29]. 

Récent  measurements  of  the  Stark  broadening  of 
H,  and  lines,  emitted  during  the  streamer  progres- 
sion in  air  with  a  small  amount  of  hydrogen,  have 
made  possible  a  direct  and  independent  estimate  of 
both  the  électron  density  and  température  in  the  active 
région  [33,  34].  The  calculations  account  not  only 
for  the  statistical  eff"ect  of  the  ionic  micro-field,  but 
also  for  the  eflfect  of  the  applied  and  space  charge 
field  [33].  The  average  électron  energy  is  in  a  good 
agreement  with  the  previous  spectroscopic  estimâtes, 
and  the  density  is  of  the  order  of  10'^  cm~^.  From 
simultaneous  current  measurements  the  radius  of  the 
streamer  head  has  been  also  evaluated,  in  the  range  10 
to  30  |xm. 

By  studying  the  far  ultraviolet  radiation  emitted 
from  électron  avalanches  and  from  the  streamer 
tip  [35,  36]  it  has  been  shown  that  photoionization 
can  be  an  efficient  mechanism  for  the  production 
of  free  électrons  in  the  active  région,  particularly  in  air, 
where  the  N2  molécules  présent  a  large  number  of 
excited  states,  whose  optical  transitions  correspond 
to  énergies  largely  above  the  O2  ionization  thresh- 
old  [37]. 

2.4  Streamer  stable  propagation.  —  Ail  the 
above  reported  expérimental  results  support  the 
original  streamer  theory  proposed  by  Raether  [38] 
and  Loeb  and  Meek  [39].  The  streamer  tip  is  assumed 
to  be  the  front  'à  space  charge  wave,  where  positive 
ions  and  excited  molécules  are  highly  concentrated, 
as  the  resull  of  previous  ionization  and  excitation 
phenomena  (Fig.  13).  The  decay  of  the  excited  states 
produces,  by  photoionization,  a  distribution  of 
secondary  électrons  around  the  wave  front.  If  the  space 
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Fig.  13.  —  Schematic  représentation  of  the  streamer  active  région. 


charge  field  is  high  enough,  thèse  free  électrons, 
drifting  in  the  field  direction,  will  produce  new  élec- 
trons by  collisional  ionization  and  will  form  électron 
avalanches.  In  air  at  atmospheric  pressure,  thèse 
avalanches  can  be  produced  only  by  the  électrons 
présent  within  an  active  région  where  the  field  is 
higher  than  26  kV/cm,  because  only  in  this  région  the 
ionization  probability  is  higher  than  the  attachment 
probability.  The  drift  of  the  avalanche  électrons  into 
the  positive  charge  front  causes  its  neutralization 
and  the  remaining  avalanche  ions  lead  to  the  advance- 
ment  of  the  wave  front  into  the  gap. 

As  the  électron  multiplication  in  the  wave  front  is 
determined  by  its  own  field,  such  spate  charge  waves, 
are  able  to  propagate  in  externally  applied  fields  much 
lower  than  the  minimum  field  required  for  ionization 
(26  kV/cm),  in  agreement  with  the  expérimental 
observations  in  long  gaps.  By  studying  this  auto- 
sustained  capability  of  propagation,  Dawson  and 
Winn  [5]  have  shown  that  a  spherical  space  charge 
containing  10^  positive  ions  within  a  radius  of  30  |im 
is  able  to  propagate  in  a  zéro  field  :  its  advancement 
capability  is  then  limited  only  by  the  energy  which  is 
lost  in  electron-neutral  collisions  in  the  avalanche 
formation  and  which  has  to  be  supplied  at  expenses 
of  the  space  charge  potential  energy.  The  measure- 
ments  of  the  life-time  of  positive  streamers  injected 
into  zéro  field  régions  [5]  are  somewhat  consistent  with 
:  theoretical  prédictions,  the  discrepancy  being  pro- 

bability due  to  an  inaccurate  estimation  of  the  energy 
losses. 

1  A  large  step  forward  was  taken  by  Phelps  [40-43], 

who  designed  an  experiment  to  measure  the  minimum 
external  field  required  to  sustain  an  energetically 

-  stable  streamer  propagation.  The  more  récent  results 

indicate  that  such  stability  field  Ey^  dépends  on  gas 
pressure  and  watervapor  content  (Fig.  14)  ;theauthors 
indicate  that  thèse  results  are  a  direct  conséquence  of 
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Fig.  14.  —  The  measured  variation  of  the  stability  field  E^^  versus 
absolute  humidity  h,  for  three  values  of  the  pressure  [42,  43]. 

energy  and  charge  conservation  for  the  streamer  active 
région,  if  it  is  treated  as  an  isolated  space  charge  wave. 
It  is  interesting  to  note  from  figure  1 4  that  the  stability 
field  varies  roughly  as  the  (5)  power  of  air  pressure, 
which  differs  considerably  from  what  one  would 
expect  from  Paschen's  law  or  from  the  requirement  for 
streamer  formation  in  uniform  gaps  [44].  Further- 
more,  the  humidity  eflfect  on  E^^  (about  30-40  % 
increase  in  going  from  dry  to  saturated  conditions) 
is  striking  if  compared  with  the  relatively  small  varia- 
tion of  the  net  ionization  coefficient  with  water  vapor 
content  [45].  Such  an  important  effect  has  been  also 
observed  on  the  total  corona  charge,  measured  in 
long  gaps  under  controlled  humidity  conditions  : 
in  figure  15  it  can  be  seen  that  at  the  same  inception 
voltage  the  corona  charge  can  be  reduced  by  a  factor  3 
if  absolute  humidity  increases  in  the  same  proportion. 
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Fig.  15.  —  The  first  corona  charge,  as  a  function  of  the  inception 
voltage,  for  différent  air  humidities  (1.5  m  hemisphere-plane  gap, 
R  =  1  cm). 
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2  .  5  STREAMER  PROl'ACiATlON  MODELS.        Two  COll- 

tiasting  models  of  positive  streamer  characteristics 
have  been  advanced.  Wright  [46]  and  Klingbeil 
el  al.  [47]  propose  that  the  streamer  channel  is  strongly 
conducting,  with  almost  equal  densities  of  positive 
ions  and  électrons,  and  with  negUgeable  attachment 
rate  ;  the  tip  is  maintained  at  nearly  the  anode  potential 
and  the  electric  tield  in  the  active  région  is  very  large 
due  to  the  geometry  involved,  better  than  to  the  space 
charge  at  the  front  :  the  propagation  is  continuous, 
by  the  aid  of  photoionization  and  coUisional  multipli- 
cation, and  the  propagation  characteristics  are  derived 
from  self-similarity  conditions.  Dawson  and  Winn  [5] 
and  Gallimberti  [23],  on  the  other  hand  view  the 
streamer  as  an  isolated  sphère  of  space  charge  that 
leaves  behind  a  moderately  conducting  trail  as  it 
propagates.  The  propagation  results,  step  by  step, 
from  avalanches  that  are  triggered  by  photoionization 
and  grow  in  the  field  produced  by  the  pocket  of  space 
charge,  with  the  channel  playing  little  or  no  rôle. 
The  above  reported  expérimental  results,  and  the 
prédictions  of  the  theoretical  models,  strongly  support 
the  latter  interprétation. 

In  the  step  by  step  model,  at  a  given  instant  /„  the 
streamer  tip  is  represented  as  a  spherical  zone  of  radius 
containing  jV,  positive  ions  and  7V^.  excited  molé- 


cules, which  are  the  resuit  of  previous  ionization  and 
excitation  phenomena.  The  decay  of  the  excited  states 
produces,  by  photoionization,  a  distribution  of  secon- 
dary  électrons  around  the  charged  sphère.  The  density 
of  secondary  électrons  a  point  P,  a  distance 

d  from  the  tip  centre,  can  be  computed  from  the 
following  relationship 

where  p  and  are  respectively  the  gas  pressure  and 
the  quenching  pressure  [48]  and  f  is  the  ratio  between 
the  number  of  photoelectrons  generated  (per  stera- 
dian,  cm  and  Torr)  and  the  number  of  ions  formed  in 
the  avalanche  [35,  36]  ;  the  latter  is  a  function  of  the 
product  pd. 

The  number  of  secondary  électrons  generated  in  the 
active  région  leads  to  the  formation  of  a  séries  of  new 
avalanches.  Thèse  avalanches  build  up  a  new  zone 
containing  positive  ions  and  excited  molécules 
in  front  of  the  streamer  tip  (Fig.  13).  As  the  distribu- 
tion of  secondary  électrons  in  the  active  région  at 
time  t„  is  known  (eq.  (15)),  the  équations  of  continuity 
and  Poisson  can  be  used  to  follow  the  development  of 
a  séries  of  avalanches  until  the  time  t„+i  at  which 
they  reach  the  streamer  tip  [4], 


-  rj)  "e  Ve 


~  +  r,.V«,  -  D  V^«,  =  (a 


+  «_  -  n  +  )  e 


for    /„  ^  ?  ^  ?„+i    /  (16) 


where  £  is  the  dielectric  constant  of  the  gas,  and  «_ 
and  «+  are  respectively  the  densities  of  électrons, 
négative  and  positive  ions  :  a  and  t]  are  the  ionization 
and  attachment  coefficients,  and  D  and  i\,  are  the 
diffusion  coefficient  and  the  drift  velocity  for  élec- 
trons :  thèse  parameters  are  nonlinear  functions  of  the 
field  strength  E. 

2.6  The  équivalent  avalanche  model.  —  In 
order  to  simplify  the  computation  it  is  possible  to 
represent  the  séries  of  avalanches  through  a  single 
équivalent  avalanche  (Fig.  16),  under  the  condition 
that  this  équivalent  avalanche  produces  the  same 
space  charge  as  the  séries  of  avalanches.  The  problem 
in  such  a  simplified  model  is  to  détermine  the  position 
of  the  starting  point  of  the  équivalent  avalanche  :  it 
has  been  solved  with  an  overall  condition  represented 
by  an  energy  balance  équation,  according  to  the 
concept  of  energetic  stability  proposed  by  Dawson 
and  Winn  [5]  and  Phelps  [41  ].  During  the  formation  of 
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the  new  séries  of  avalanches,  the  drifting  électrons  lose 
energy  in  collisions  with  the  gas  molécules  (ionization, 
excitation,  attachment,  scattering,  etc.)  ;  this  energy 
is  supplied  partly  by  the  external  circuit  (through 
the  forces  of  the  applied  field)  and  partly  through 
the  change  in  potential  energy  of  the  streamer  tip 
(through  the  forces  of  the  space-charge  field).  The 
following  energy-balance  équation  must  be  satisfied, 
+  AH^p„,  =  Wi  (17) 


where  APFpo,  is  the  différence  between  the  potential 
énergies  of  the  streamer  tip  and  of  the  new  sphère  of 
positive  ions  built  up  by  the  new  séries  of  avalanches 
(i.e.  the  new  streamer  tip),  is  the  gain  of  energy 
due  to  the  applied  field,  and  W,  the  total  loss  of  energy 
during  the  formation  of  the  new  avalanches. 

The  terms  of  the  energy  balance  have  been  comput- 
ed  according  to  the  following  relations 


{eX„  £,)  dz 


i: 

r-"r  fc-mcl        mcl  1 

\oiV,  +  y]V,,  +  IÔ^V,  +  j^-^  +  a^    X,  d 


(18) 


0.40{A^,  e)^ 


where  is  the  intégral  of  the  électron  density  on  a 
transversal  plane,  and  V„  are  the  ionization  and 
résonant  attachment  potentials,  is  the  excitation 
coefficient  of  the  energy  level  Vf^,  i\,  is  the  square  root 
of  the  mean  square  velocity  of  électrons,  and  À  and  / 
are  respectively  the  mean  free  path  and  the  fractional 
.energy  loss  for  elastic  collisions  between  électrons 
and  gas  molécules.  Wi  takes  into  account  the  losses 
due  to  ionization,  attachment,  vibrational  and  electro- 
nic  excitation  (including  dissociation  which  foUows 
the  excitation  of  unstable  molecular  states),  scattering 
and  the  variations  of  kinetic  energy  along  the  ava- 
lanche path;  PFpo,  takes  into  account  the  potential 
energy  due  both  to  the  concentration  of  charges  and 
to  their  position  in  the  field. 

The  electric  field  at  a  point  P{z)  in  the  active  région 
is  assumed  to  be  the  sum  of  the  applied  field  (which 
is  practically  constant  over  the  avalanche  path)  plus 
that  produced  by  the  charge  in  the  streamer  tip 
(Fig.  16) 

£(r)  =      +  -— (19) 
4  ne{z  -  zy 

the  effect  of  the  field  distortion  due  to  the  charge 


in  the  équivalent  avalanche  is  taken  into  account 
by  varying  the  ionization  coefficient  according  to  the 
number  of  carriers  [48,  49]  ;  with  thèse  assumptions, 
eqs.  (16)  to  (18)  can  be  integrated  numerically,  to 
obtain  the  number  of  new  positive  ions  N!.  and  the 
avalanche  radius  /?,'.  It  has  been  found  [4]  that,  over  a 
wide  range  of  conditions  (N^  =  10^-10"'  and 
=  0-500  kV/cm),  the  energy  losses  Wf  are  pro- 
portional  to  the  charge  N'^  produced  in  the  avalanche, 
while  the  energy  gain  IV^  is  proportional  to  both  the 
charge  N!.  and  the  applied  field  E^  (Fig.  1 7), 

=  }  (20) 

where  y  =  7.85  x  10"  (49  eV)  represents  the  ave- 
rage  energy  loss  per  ionizing  collision  and 

/?  =  0.39  X  10- 2*  Cm    (0.243  eV  cm"  '  kV) 

the  average  energy  gain  in  the  avalanche  per  électron 
due  to  a  unit  applied  field.  Also  the  radius  of  the 
équivalent  avalanche  results  function  of  A^^  and  E^. 
By  introducing  eq.  (20)  in  the  energy  balance  condi- 
tion, the  latter  can  be  written  in  the  form 
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which  gives  the  variation  of  the  charge  in  the  streamer  and  the  new  tip  radius  R  ',  is  calculated  as  a  function  of 
tip  during  a  single  step,  if  the  initial  condition  and  E^. 

R„  Eg  and  the  local  applied  potential  U  are  known.       The  elongation  of  the  streamer  channel  at  each  step 
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:-ig  17.  _  The  energy  gain  and  losses  W,  for  an  avalanche 
ormation  in  the  active  région  as  a  function  of  the  number  of  carriers 
V;,  for  différent  values  of  the  géométrie  field  £■,,. 


is  computed  as  twice  the  radius  of  the  avalanche  tip. 
The  streamer  propagation  is  followed  step  by  step, 
by  Computing  the  characteristics  of  the  successive 
équivalent  avalanches.  The  propagation  stops  when 
the  charge  in  the  streamer  tip  has  insufficient  energy 
to  produce  new  ion  pairs  ;  or,  in  other  words,  when 
it  does  not  produce  a  field  high  enough  to  continue 
the  phenomenon.  This  happens  when  the  starting 
point  of  the  équivalent  avalanche  goes  outside  the 
active  région. 

In  this  model  it  has  been  assumed  that  the  passive 
région  does  not  play  any  rôle  in  the  streamer  propaga- 
tion. In  order  to  compute  the  current  in  the  external 
circuit,  the  passive  région  may  be  represented  as  a 
channel  elongating  behind  the  streamer  tip,  in  which 


the  électrons  are  fed  from  the  successive  équivalent 
avalanches.  Along  this  channel  the  voltage  drop  can  be 
calculated  from  current  continuity  (eq.  (14))  ;  and  one- 
dimensional  continuity  équations,  similar  to  (16), 
may  be  used  for  électrons,  positive  and  négative  ions. 

2.7  Computed  results.  —  The  computed  and 
measured  curves  of  propagation  along  a  field  line 
against  time  are  shown  in  figure  18,  for  a  150  cm  gap 
with  125  kV  corona  inception  voltage. 

Figure  18  shows  also  the  measured  and  computed 
current  oscillograms  :  in  both  cases  the  time  to  the 
peak  value  is  about  30  ns,  while  the  time  to  half  value 
is  about  130  ns.  The  ratio  between  the  measured  and 
computed  current  values  is  around  150,  which  can  be 
attributed  both  to  the  number  of  streamers  developing 
in  the  expérimental  case  and  to  their  branched  paths. 

Figure  19  shows  the  comparison  between  the  theore- 
tical  and  the  expérimental  values  of  the  streamer 


p,g  _  (a)  The  variation  of  the  streamer  length  with  time 
(the  solid  line  represents  the  computed  values,  the  points  are  expé- 
rimental results);  (h)  Expérimental  and  computed  current  oscillo- 
grams. 


U,  (kv) 

Pig  19  —  The  streamer  lenght  as  a  function  of  the  inception 
voltage  for  gap  lenghts  of  30  cm  (curve  /l  )  and  150  cm  (curve  B)  \ 
the  solid  Unes  represent  computed  values,  the  points  are  expérimen- 
tal results  (Square  eut  rod  of  1  cm  radius). 

length  as  functions  of  the  inception  voltage  for  two 
gap  lengths  (30  and  150  cm).  The  variation  of  the 
streamer  length  is  almost  linear  except  when  it  becomes 
comparable  with  the  gap  length.  It  is  interesting  to 
note  that  the  model  correctly  predict  this  type  of 
dependence  when  the  influence  of  the  earthed  plane 
becomes  important.  Figure  10  shows  the  computed 
values  of  the  corona  charge  (single  streamer  charge 
multiplied  by  the  factor  150  derived  from  the  current 
comparison)  for  différent  inception  voltages  and  rates 
of  voltage  rise. 

In  figure  20  the  number  of  ions  in  the  streamer  tip 
and  the  applied  field  distribution  along  the  streamer 
path  are  shown  as  functions  of  the  distance  from  the 
high-voltage  électrode  for  the  same  conditions  as 
figure  18.  It  can  be  seen  that  the  charge  in  the  streamer 
tip  increases  in  the  high  field  région,  reaches  a  maxi- 
mum in  a  position  whcre  the  applied  field  is 
6.8  kV  cm"',  and  thcn  drops  again  until  the  pro- 
pagation stops.  The  maximum  in  this  curve  corres- 
ponds to  the  point  where  eq.  (21  )  is  rcduced  to  zéro. 
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Fig.  20.  —  The  variation  of  the  number  of  positive  ions  in  the  tip 
N„  and  appiied  field  distribution  E^,  along  the  streamer  path  (same 
conditions  as  figure  18). 


and  defines  the  electric  field  for  which  the  propagation 
would  be  energetically  stable.  In  régions  where  the 
appiied  field  is  higher  than  this  value  the  energy 
supplied  to  the  new  avalanches  is  larger  than  the  losses 
in  their  formation,  and  therefore  the  charge  in  the 
streamer  tip  increases,  while  the  opposite  is  true  for 
lower  field  values.  In  the  latter  case  the  propagation 
occurs  at  the  expense  of  the  potential  energy  of  the 
charge  in  the  tip  until  a  point  where  this  energy  is  no 
longer  sufficient  for  the  production  of  new  ion  pairs. 

With  the  above  reported  values  of  the  parameters, 
and  =  thestability  fieldresultsaround7kV/cm, 
slightly  higher  than  the  values  measured  by  Phelps  and 
Griffiths  (Fig.  14).  The  discrepancy  can  be  due  to  the 
approximations  of  the  model  calculations,  but  it  may 
also  have  a  physical  background.  During  the  stable 
propagation  the  radius  of  the  streamer  tip  can  increase 
(R'^  >  RJ,  and  part  of  the  electrostatic  potential 
energy  of  the  tip  charge  may  be  available  for  the 
propagation,  in  addition  to  the  energy  gain  due  to 
the  external  field  (see  eq.  (21)).  Furthermore,  the  gas 
molécules  in  the  active  région  may  be  preconditioned 
by  the  tip  radiation  or  by  the  photoelectron  drift  in  the 
outer  région,  where  the  field  is  too  low  for  collisional 
ionization;  in  that  case  the  average  internai  energy 
of  the  gas  molécules  is  raised  above  the  thermal 
value,  and  part  of  it  can  be  released  to  the  électrons 
in  superelastic  collision  :  this  results  in  a  further 
energy  gain  term  in  eq.  (21)  which  reduces  the  sta- 
bility  field. 

The  latter  possibility  has  been  experimentally 
verified  for  répétitive  discharges  [29],  where  the  vibra- 
tional  metastable  states  are  excited  to  a  relatively  high 
température  and  then  relaxed  on  a  very  long  time 
scale.  The  trail  of  preconditioned  gas  changes  the 
energetic  conditions  of  the  streamer  propagation, 
and  this  can  explain  the  peculiarities  of  répétitive 
discharges  {guide  effect  of  previous  discharges  non- 
branching,  and  increase  of  luminous  émission  of  the 


streamer  head  along  the  whole  path).  In  fact,  the  élec- 
tron avalanches  developing  outside  trail  in  a  relatively 
low  appiied  field  cannot  make  the  tip  progression 
deviate  because  of  the  unfavourable  energy  balance  ; 
the  metastable  column  extending  from  the  tip  to  the 
plane  represents  a  reserve  of  energy  to  be  supplied 
to  the  électron  avalanches,  which  cancels  their 
statistical  fluctuations.  Furthermore,  the  lowering  of 
the  critical  field  enables  the  streamer  tip  to  increase  its 
charge  (and  hence  the  flux  of  photons)  along  the  whole 
propagation  path  from  the  tip  to  the  plane.  Under 
impulse  conditions  in  the  absence  of  the  metastable 
trail,  the  appiied  field  becomes  lower  than  7  kV  cm"' 
after  the  first  few  mm,  and  the  charge  in  the  streamer 
tip  together  with  the  luminous  flux  decreases  during 
the  rest  of  the  propagation. 

2.8  The  streamer  branching.  —  Recently  a  ' 
model  to  simulate  the  branched  structure  of  the  strea- 
mers  has  been  developed  [50]  :  the  séries  of  avalanches 
is  represented  by  two  équivalent  avalanches,  develop- 
ing towards  the  streamer  tip  along  two  directions 
symmetric  with  respect  to  the  streamer  axis  and  form- 
ing  an  angle  v  with  it.  The  charge  repartition  in  the  two 
avalanches  is  determined  by  the  two  starting  distances  ; 
the  probability  of  an  avalanche  starting  at  a  distance  d 
in  the  t  -direction  is  assumed  to  be  proportional  to  the 
number  of  secondary  électrons  generated  in  an  ele- 
mentary  volume  at  the  distance  d  by  photoionization 
(eq.  (15)).  The  probabilities  of  the  diff'erent  avalanche 
pairs,  satisfying  the  overall  energy  balance,  are 
calculated,  together  with  the  branching  probability. 
The  streamer  development  is  then  built  up  step  by 
step  by  a  Monte  Carlo  method  based  on  the  following 
assumption  : 

—  each  branch  foUows  the  line  of  maximum  field 
(the  appiied  field  plus  the  field  due  to  the  charge 
in  the  streamer  tips)  ; 

—  each  branch  is  assumed  to  be  energetically 
independent  from  the  other  ones  :  that  means  that 
in  the  energy  balance  équation  the  exchanges  of 
potential  energy  between  the  différent  branches  are 
ignored  (in  fact  they  are  generally  negligible,  except 
for  the  first  steps  after  a  branching  ;  in  any  case  they 
don't  affect  the  gênerai  characteristics  of  the  propa- 
gation) ; 

—  the  branching  occurs  on  one  plane  of  the  sheaf 
containing  the  axis  of  the  filament  at  the  instant 
of  the  branching  :  the  probability  distribution  for 
thèse  planes  is  assumed  to  be  isotropic  ; 

—  if  the  branching  does  not  occur,  the  advance- 
ment  of  a  filament  is  computed  by  a  single  équivalent 
avalanche. 

The  results  of  such  a  computation  give  a  good 
agreement  with  the  expérimental  results;  as  an 
example  a  two-dimensional  computer  picture  of  a 
corona  filament  is  reported  in  figure  21. 

It  is  interesting  to  compare  the  results  of  this 
model  with  those  predicted  by  the  single  streamer 
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Fig.  21.  —  Comparison  between  the  computed  and  expérimental 
pattern  of  branched  corona  filaments  (same  conditions  as  figure  18). 

model  :  by  taking  into  account  the  branching.  the 
total  length  of  the  filament  is  reduced  only  by  about 
10-15  %;  this  fact  shows  that  the  propagation  of  a 
streamer  is  not  strongly  affected  by  the  repartition  of 
the  charge  of  its  tip  in  différent  branches,  but  it  is 
mainly  determined  by  the  distribution  of  the  applied 
field.  On  the  contrary,  the  current  and  the  charge 
injected  into  the  gap  are  increased  by  the  branching 
process  by  a  factor  between  3  and  5. 

2.9  Pressure  and  humidity  dependence.  —  Let's 
now  discuss  the  influence  of  gas  pressure  and  humi- 
dity on  the  propagation  characteristics  and  particu- 
larly  on  the  stability  field  E^,.  If  eqs.  (16)  to  (21)  are 
analyzed  on  the  basis  of  the  similitude  principles  it  is 
possible  to  demonstrate  that  the  electric  field  is  scaled 
lihearly  with  the  gas  pressure  :  in  fact  the  transport 
parameters  associated  to  the  génération  terms  (ioniza- 
tion  and  attachment  coefficients)  vary  proportionally 
to  the  pressure,  while  those  associated  to  the  particle 
motion  (mobility  and  diffusion  coefficient)  are  inver- 
sely  proportional  to  the  pressure  ;  ail  of  them  are  non 
linear  function  of  the  reduced  field  E/p  only.  As  a 
conséquence,  if  the  time,  space  and  charge  scales  are 
varied  as  the  pressure  inverse,  similarity  is  maintained 
at  constant  E/p  ;  the  velocity  and  energy  scales  are 
unchanged.  Thèse  similarity  relations  are  consistent 
with  many  expérimental  results  on  the  streamer 
propagation  velocity  under  variable  pressure  [51,  52]. 

On  the  contrary  the  large  efi'ect  of  humidity  on 
corona  charge  (Fig.  15)  do  not  seem  to  be  satisfacto- 
rily  explained.  In  the  active  région,  the  increase  of 
humidity  reduces  the  ultraviolet  absorption  length 
and  the  ionization  efficiency  [53]  ;  the  high  électron 
affinity  of  water  molécules  leads  to  an  increase  of  the 
attachment  coefficient  [54]  ;  however  due  to  the  high 
field  values  in  the  active  région  the  decrease  of  the  net 
ionization  rate  is  relatively  small.  In  the  passive  région 
the  increased  attachment  rate  leads  to  a  faster  drop  of 


the  current  tail  (Fig.  12).  In  any  case,  the  overall 
cllcct  cannol  account  for  the  variations  of  ligure  15. 
The  stability  ticld  /i,,,  can  bc  calcultaed  from  eq.  (21  ) 


From  eqs.  (18)  and  (20)  it  appears  that  the  loss  term  y 
is  pressure  independent,  while  the  parameter  fi  is 
inversely  proportional  to  the  pressure  ;  the  same  is 
true  for  the  tip  diffusion  radia  /?;  and  R,  :  the  stability 
field  should  be  therefore  proportional  to  the  gas 
pressure,  in  contradiction  with  the  expérimental 
évidence  of  figure  14.  Furthermore,  the  only  term  of 
eq.  (22)  which  can  be  significantly  affected  by  humidity 
is  the  loss  term  y  :  however  the  increase  of  dissociative 
attachment  losses  in  going  from  dry  to  saturated 
conditions  cannot  be  larger  than  5-10  %  of  the  total 
loss  per  électron.  In  conclusion,  the  équivalent  ava- 
lanche model  do  not  seem  to  be  consistent  with  the 
measurements  of  Phelps  and  Griffiths  [42,  43]  on  the 
propagation  stability  field. 

Recently  some  interesting  hypothesis  have  been 
suggested  by  thèse  authors  to  explain  the  discrepancy 
and  to  clarify  the  streamer  theory.  If  the  streamer 
filament  is  assumed  to  play  no  rôle  in  the  tip  advance- 
ment,  the  field  in  the  active  région  dérives  by  the  super- 
position of  the  géométrie  and  space  charge  fields. 
However  such  assumption  cannot  hold  in  the  filament 
just  behind  the  tip  ;  in  fact  in  this  zone  the  electric 
field  should  be  reversed  and  the  électrons  could  not  be 
fed  into  the  filament  (Fig.  22a)  :  it  can  be  therefore 
assumed  that,  due  to  the  high  électron  mobility,  a  net 
positive  charge  appears  along  the  filament  behind 
the  tip,  which  flattens  the  potential  distribution 
(Fig.  22h).  This  charge  distribution  is  replicated  as  the 
streamer  propagates,  implying  a  current  density 
which  decreases  from  A  to  B  and  an  electric  field 
in  the  trail  interior  whose  value  is  appropriate  to  the 
électron  current  density  and  conductivity  at  each 
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point,  it  is  equal  to  at  B,  consistent  with  zéro  net 
charge  density. 

It  is  interesting  to  note  that  this  distinction  in  the 
streamer  channel  of  two  régions  (a  space  charge  sec- 
tion with  low  variable  field  and  displacement  current, 
where  charge  and  potential  are  rearranged,  and 
a  quasi-neutral  plasma  filament  with  almost  constant 
field  and  conduction  current  under  résistive  régime) 
corresponds  in  a  moving  référence  frame  to  the  time 
séquence  of  compensation  and  résistive  phases  observ- 
ed  by  Marode  (Fig.  1 1). 

According  to  the  energy  balance  équations  derived 
by  Griffiths  and  Phelps  [43]  the  stability  field  can  be 
simply  calculated  as  the  ratio 


of  the  potential  drop  U,  in  the  active  région  and  the 
length  of  the  compensation  zone.  The  latter  should  be 
related  to  the  lifetime  of  free  électrons  against  attach- 
ment  :  in  fact  three-body  attachment  is  the  dominant 
loss  process  in  this  zone  and  the  attached  électrons  are 
not  more  able  to  move  to  rearranged  the  potential 
distribution.  If  L,  is  expressed  as  a  multiple  /  of  the  e- 
folding  distance 

=  fv,  T„ ,  (24) 
the  stability  field  can  be  derived  in  the  form, 

=       (k,[0,]  [N2]  +  kAO^f  +  k,[02]  [H2O]) , 
(25) 

where  Cp  is  the  propagation  velocity,  [O2],  [N2]  and 
[H2O]  the  densities  of  the  respective  molécules,  and 
A:i,  k2  and  A'3  the  attachment  reaction  rates  in  three- 
body  collisions  of  électrons  with  (Oj,  Nj)  (©2,02) 
and  (O2,  H2O)  couples  of  molécules.  For  the  électron 
énergies  expected  in  the  streamer  compensation  zone, 
k^  is  quite  larger  than  kj  and  ki  [19,  20].  This  roughly 
explains  the  observed  strong  dependence  of 
on  humidity  :  furthermore  eq.  (25)  suggests  that  such 
dependence  should  be  linear  (see  Fig.  14).  Also  the 
large  dependence  of  the  corona  charge  upon  humidity 
(Fig.  15)  is  qualitatively  consistent  with  this  model. 
According  to  the  calculations  of  Griffiths  and  Phelps, 
the  e-folding  distance  L,  is  a  fraction  of  cm,  and  the 
stability  field  varies  as  the  power  1.65  of  the  air  pres- 
sure, in  a  good  agreement  with  the  expérimental 
observations. 

In  conclusion,  the  streamer  head  should  be  better 
represented  as  an  isolated  length  of  moderately 
conductive  positive  space  charge,  than  as  an  isolated 
sphère  of  positive  ions.  The  advancement  mechanism 
is  in  any  case  associated  to  the  électron  avalanches 
developing  from  photoelectrons  in  the  active  région, 
and  the  energy  balance  of  the  streamer  head  reproduc- 
tion governs  the  propagation  characteristics.  However, 
such  an  energy  balance  is  not  only  determined  by  the 


total  net  charge  in  the  tip,  but  also  by  its  repartition 
in  the  compensation  zone. 

3.  Stem  formation,  dark  period  and  leader  inception. 

—  3.1  Expérimental  results  on  second  corona.  — 
The  development  of  the  discharge  after  the  first  corona 
dépends  essentially  on  the  électrode  shape. 

With  électrodes  of  relatively  large  curvature  radius, 
simultaneously  with  the  development  of  the  initial 
streamers,  a  luminous  zone  (stem)  starts  close  to  the 
électrode  and  elongates  behind  the  streamer  heads 
with  a  velocity  about  10  times  lower  (Fig.  23).  The 
first  current  peak  corresponds  to  the  start  of  branching 
in  the  original  streamer,  and  the  stem  follows  its 
track  ;  the  first  corona  streamers  develop  in  a  bunch 
close  to  the  discharge  axis,  within  a  conical  volume 
(sketched  on  the  static  photograph  of  figure  23).  The 
drop  in  the  electric  field  on  the  électrode  surface 
indicates  that  a  net  positive  charge  is  formed  in  the 
first  corona  région. 

About  100-150  ns  after  the  discharge  initiation  new 
streamers  start,  approximately  half  way  of  the  stem 
path  :  they  always  propagate  in  the  outer  région 
(marked  in  figure  23),  avoiding  the  space  charge  left 
by  the  first  corona  [1].  The  current  rises  to  a  second 
maximum  corresponding  to  the  rapid  growth  of  this 
second  corona  and  the  electric  field  présents  a  second 
drop;  the  velocity  of  the  streamers  of  the  first  and 
second  stage  are  of  the  same  order.  The  subséquent 
leader  channel  develops  always  from  the  stem  created 
by  the  second  corona  :  as  a  conséquence  the  time  of 
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Fig.  23.  —  The  first  and  second  corona  puise  for  large  curvature 
radia  :  (a)  and  (t>)  streak  and  static  photos  ;  (c)  current  in  the  anode  ; 
(d)  electric  field  on  the  anode  surface. 


ICHANISM  OF  THE  LONG  SPARK  FORMATION 


leader  inception  is  assumed  to  coincide  with  thc  timc 
of  the  second  corona  formation.  The  charge  which  is 
injected  in  the  gap  by  the  first  corona  has  a  double 
effect  on  the  development  of  the  second  corona  :  first, 
it  détermines  the  physical  processes  for  the  stem 
formation,  and  hence  the  local  conditions  adéquate 
for  the  second  corona  to  start  ;  second,  it  produces  a 
distortion  of  the  electric  field  distribution,  which  is 
reduced  near  the  électrode  and  in  the  space  charge 
zone  almost  proportionally  to  the  charge  itself  : 
because  of  this  field  chocking  the  second  corona 
has  to  propagate  in  the  outer  région.  Gallimberti 
and  Rea  [55]  have  put  in  évidence  the  field  chockmg 
effect  of  the  space  charge  by  measuring  separately 
the  first  corona  charge  and  the  total  corona  charge 
Q,  :  the  latter  includes  the  first,  second  and  even- 
tually  other  subséquent  corona  puises. 

The  régression  curves  (Fig.  24)  have  a  négative 
slope,  which  shows  quantitatively  the  space  charge 
effect  :  the  dashed  line  represents  the  curve  for  which 


F,g  25.  -  Electnc  tield  drop  A£  and  mmimum  field  E  after  he 
fiS  corona,  measured  on  the  center  of  the  rod,  as  funct.ons  of  the 
first  corona  charge  2,  (same  conditions  as  figure  24), 


period  (10-30  |as),  during  which  no  luminous  or 
ionizing  activity  can  be  recorded  (Fig.  26).  The  dura- 
tion  of  the  dark  period  t^,  and  the  corresponding 
growth  of  the  applied  voltage  AU  a,  increase  with  the 


Q,  (/iC) 


Fig  24  —  Total  corona  charge  Q,  as  a  function  of  the  first  corona 
charge  for  différent  crest  values  of  the  applied  voltage  (1.5m  rod- 
plane  gap;  square  eut  rod  of  1  cm  radius;  0.9/1  500  ^5  wave). 


the  subséquent  corona  charge  is  zéro,  when  the  dis- 
charge is  chocked  by  the  first  corona  and  no  further 
development  occurs.  The  field  drop  A£  at  the  anode 
surface  increases  with  the  first  corona  charge,  while 
the  minimum  value  after  the  drop  decreases 
(Fig.  25). 

With  électrodes  of  small  curvature  radius,  the  first 
corona  streamers  and  the  stem  develop  as  described 
for  large  électrodes  :  however  their  extension  and  their 
current  are  much  smaller  (inspite  of  the  higher  incep- 
tion fields)  because  of  the  rapid  decrease  of  the  field  .  ■  ,  ■  a-  „»\ 
dTsîribulion  along  the  gap.  in  this  ca.e  ,he  second    charge  injected  by  the  hrst  corona  (choekmg^effect) 
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Fig.  26.  Tht;  tirsl  and  second  corona  puise  for  sn 
radia  ;  (a)  and  (/>)  slreak  and  static  photos;  (<)  c 
anode  ;  (d)  electric  field  on  the  anode  surface. 


corona  do  not  appear  immediately  after  or  during 
the  first  one,  but  only  after  a  relatively  long  dark 


and  show  a  significant  influence  of  the  absolute 
humidity  (Fig.  27). 
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Fig.  28.  —  The  voltages  of  corona  inception  ((7,),  leader  inception 
(jy,),  and  50 /„  breakdown  (C/50)  as  functions  of  the  équivalent 
curvature  radius  of  the  anode. 


voltages  are  clearly  distinct  ;  for  larger  radia  the  50  % 
breakdown  voltage  increases  with  the  radius  itself, 
while  leader  and  corona  inception  voltages  coincide. 
The  critical  radius  dépends  essentially  on  the  électrode 
geometry  and  the  gap  length  (Fig.  29). 
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Fig.  27.  —  The  duration  of  the  dark  period  and  the  voltage 
increase  A(/j,  as  functions  of  inception  voltage  (/,  or  first  corona 
charge  2,,  for  différent  air  humidities  (10  m  cone-plane  gap, 
500/10  000  |is  wave). 

The  second  corona  is  normally  followed  by  a  conti- 
nuous  discharge  development,  corresponding  to  the 
inception  and  elongation  of  the  leader  channel. 
However,  with  very  small  curvature  radia,  and  hence 
with  very  small  corona  currents,  many  corona  may 
appear  before  the  continuous  leader  inception. 

The  transition  between  the  two  leader  inception 
processes  (described  respectively  by  Fig.  23  and  26) 
corresponds  to  the  disappearance  of  the  dark  period 
and  occurs  for  a  critical  value  of  the  équivalent 
curvature  radius  of  the  high  voltage  électrode  [56,  57] 
(Fig.  28).  It  is  interesting  to  note  that  for  radia  smaller 
than  the  critical  one  the  50  %  breakdown  voltage  is 
constant,  while  the  corona  and  leader  inception 
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Fig.  29.  —  The  critical  radius  as  a  function  of  the  gap  length,  for 
anodes  with  spherical  (a)  or  cylindrical  (/>)  field  distributions. 


3.2  Stem  formation.  —  The  physical  processes 
which  lead  to  the  stem  formation  have  been  studied 
extensively  in  short  gaps,  where  it  has  been  called 
secondary  streamer  [21-28].  The  luminous  appearance 
and  propagation  velocity  of  the  secondary  streamers 
are  very  similar  to  those  of  the  stem  in  long  gaps  [22, 
24]  :  in  figure  30  it  can  be  seen  that  the  extension  of 
the  secondary  streamers  dépends  essentially  on  the 
average  current  which  flows  to  the  h.v.  électrode  ; 
their  propagation  curve  présents  a  clear  bend,  when 
the  résistive  phase  is  established  along  the  streamer 
filament  (marked  by  the  arrows)  and  the  current  flow 
is  determined  by  électron  attachment  (see  §  3).  By 
means  of  a  carefui  analysis  of  the  relative  intensities 
of  the  nitrogen  bands  emitted  by  secondary  streamers, 
Marode  [21]  has  derived  the  average  électron  energy 
(ë     1 .4  eV)  and  the  reduced  field 
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which  correspond  to  an  ionization  coefficient  much 
lower  than  the  attachment  coefficient.  Therefore,  the 
luminosity  of  the  secondary  streamer  is  not  related 
to  a  significant  ionization  rate  ;  it  is  essentially  due  to 
électrons  which  are  produced  by  the  primary  strea- 
mer, and  than  dragged  to  the  anode  by  the  field, 
causing  mainly  excitation  of  the  molécules  without 
any  significant  ionization. 
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Fig.  30.  —  The  propagation  of  secondary  streamers  for  différent 
values  of  the  average  current.  The  arrows  indicate  the  end  of  the 
compensation  phase  [21]. 


THr  Mf  CHANlSM  OF  THE  LONG  SPARK  FORMATION 


Due  to  the  charactcristics  of  thc  primary  streamer 
ormation  and  to  the  high  altachment  rate  along 
he  filament,  the  électron  density  has  to  be  much 
ower  near  the  anode  than  along  the  rest  of  the  strea- 
ner  channel  :  this  is  confirmed  by  computer  simula- 
ions  [4,  22].  As  a  conséquence,  when  the  résistive 
>hase  is  attained  and  the  conduction  current  is 
iniform  along  ail  the  filament,  the  electric  field  will 
)e  higher  near  the  anode,  where  the  conductivity  is 
ower.  The  computer  calculations  of  Marode  [21,  22] 
ndicate  the  formation  of  a  field  plateau,  which  cor- 
•esponds  to  the  extension  of  the  secondary  streamer. 

When  the  streamers  stop  and  the  current  falls 
lown  because  of  électron  attachment,  the  secondary 
;treamer  development  slows  down  and  stops  smoothly 
Fig.  30).  However,  due  to  the  non  uniform  field, 
-epartition  along  the  filament  the  Joule  power  input 
lue  to  the  corona  current  is  much  larger  in  the  secon- 
lary  streamer  than  in  the  rest  of  the  channel  :  this 
;an  cause  a  température  increase  of  the  gas  molécules, 
A'hich  may  have  a  significant  rôle  in  the  subséquent 
évolution  of  the  discharge  [58-62].  Such  a  température 
increase  has  been  put  in  évidence  by  Hartmann  [26] 
through  the  analysis  of  the  rotational  structure  of 
the  N2  Second  Positive  Bands  emitted  by  secondary 
streamers.  The  gas  and  rotational  température,  which 
are  close  because  of  the  very  short  relaxation  time 
constant  (~  10" s),  are  in  the  range  1  000-1  200  K. 
Even  larger  may  be  the  value  of  the  vibrational  tem- 
pérature [28,  29]. 

In  the  case  of  the  stem  formation  in  long  gaps,  the 
température  increase  can  be  much  higher  than  in 
short  gaps,  because  of  the  larger  corona  size  and 
current.  Spectroscopic  measurements  of  the  whole 
corona  [30],  indicate  the  présence  of  spectral  compo- 
nents  which  have  not  been  observed  in  short  gap, 
and  which  may  confirm  the  establishment  of  an  higher 
température  in  both  the  corona  stem  and  the  initial 
leader  sections.  Récent  measurements  of  neutral 
density  in  the  stem  région  with  Schlieren  photogra- 
phy  [32]  have  shown  that,  particularly  with  négative 
applied  voltages,  the  energy  input  and  the  température 
increase  in  the  stem  may  be  so  intense  and  fast,  to 
launch  a  spheric  shock  wave  around  the  stem,  similar 
to  that  of  a  punctual  explosion. 

3.3  Conductivity  transition.  —  From  the  above 
presented  results  it  appears  that  the  gas  température 
in  the  stem  and  the  leader  channel  increases  largly 
above  the  ambient  température,  so  that  thermody- 
namic  and  hydrodynamic  processes  may  play  a 
déterminant  rôle  in  their  formation  and  propagation. 
The  main  difficulty  of  the  theoretical  models  of  the 
stem  and  of  the  leader  inception  consists  in  the  fast 
évolution  of  their  internai  conditions,  which  can  not 
attain  local  thermodynamic  equilibrium  (LTE). 

Gallimberti  and  Stassinopoulos  [63]  have  shown 
that  the  start  of  the  second  corona  is  mainly  related  to 
the  increase  of  the  electric  field  in  the  stem  région  : 


three  différent  effects  may  play  an  important  rôle  in  the 
détermination  of  such  a  field  :  the  applied  voltage, 
the  chocking  effect  of  the  positive  space  charge  and  the 
time  —  dépendent  charactcristics  of  the  stem. 

The  first  model  for  the  streamer  to  leader  transition 
has  been  proposed  by  Aleksandrov  [64]  ;  ail  the  élec- 
trons flowing  in  the  corona  streamers  converge  in  the 
stem,  where  they  release  their  energy  by  elastic  and 
inelastic  collisions.  If  the  assumption  is  made  that  the 
gas  is  heated  to  a  sufficiently  high  température,  the 
ionization  degree  in  the  stem  may  rapidly  increase 
because  of  thermoionization  ;  by  this  process  the  first 
leader  section  is  formed.  The  increase  of  conductivity 
enhances  the  electric  field  around  the  stem  tip  :  a 
second  corona  can  be  therefore  launched,  and  it 
may  elongate  the  first  leader  section  by  the  same 
mechanism.  The  basic  idea  of  such  a  model  is  that 
a  section  of  the  leader  channel  is  formed  from  the 
corona  stem,  when  the  conductivity  of  the  latter  is 
increased  over  a  critical  value.  However,  the  reported 
spectroscopic  measurements  have  shown  that  tem- 
pératures high  enough  for  thermoionization  are  not 
reached  in  the  stem  :  as  a  conséquence,  the  mechanism 
which  enhances  the  stem  conductivity  can  not  be  the 
thermoionization  of  the  gas  molécules. 

It  has  been  shown  in  the  previous  chapter  that  the 
most  part  of  the  électrons  produced  in  the  active  région 
are  attached  in  the  passive  filament  to  form  négative 
ions  ;  the  concentration  of  the  latter  will  be  therefore 
of  the  same  order  as  the  density  of  positive  ions. 
The  stem  conductivity  may  be  expressed  in  the  form, 
a  ^  e{n^H,  +  +  n+ n  +  )  (26) 

where  «-  and  «+  are  the  densities  of  électrons, 
négative  and  positive  ions,  and  p.-  and  /i+  their 
actual  mobilities;  n,  should  be  much  lower  than 
and  n  + ,  but  the  mobility  is  much  larger  that  /i  _  and 
+  .  As  a  conséquence,  the  thermal  detachment  of  the 
négative  ions  may  lead  to  an  important  increase  of  the 
stem  conductivity.  Furthermore,  if  free  électrons 
start  to  be  released  in  the  stem,  they  will  flow  to  the 
positive  électrode  within  a  time  shorter  than  100  ns  : 
the  net  positive  charge  in  the  stem  is  therefore  rapidly 
increased.  The  enhancement  of  both  the  stem  conduc- 
tivity and  the  net  positive  charge,  leads  to  a  sharp 
increase  of  the  electric  field  around  the  stem,  which 
may  cause  the  restart  of  new  ionization  phenomena, 
the  inception  of  a  second  corona  and  the  leader 
formation. 

3.4  Thermal  detachment  of  négative  ions.  — 
The  estimation  of  the  frequency  of  thermal  detachment 
as  a  function  of  the  température  is  not  easy  :  some 
expérimental  results  are  available  in  a  limited  tempéra- 
ture range  for  the  primary  ions  and  O2  [65,  18]. 
However,  the  primary  ions  are  converted  into  différent 
secondary  types  (mainly  O2  1  HjO  |„and03  |  HjO  |„) 
on  a  time  scale  which  is  shorter  than  a  [1 1  ].  For  such 
secondary  ions  some  calculations  of  the  équivalent 
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lifetime  for  declustering  and  detachment  have  been 
presented  in  §  1.  The  time  scale  of  the  streamer  to 
leader  transition  may  vary  from  about  100  ns  to  some 
\0  [is  :  as  a  conséquence,  the  nature  of  the  ions  and 
their  detachment  lifetime  may  change  over  a  wide 
range. 

In  table  II  the  lifetimes  of  the  most  probable  species 
are  reported,  as  functions  of  the  ion  température  and 
the  absolute  humidity  [11-14].  They  represent  the 
average  times  necessary  for  électrons  and  négative 
ions  to  reach  their  equilibrium  concentrations  at  the 
ion  température  T^.  However,  the  effective  thermaliza- 
tion  times  may  be  quite  lower  than  the  reported  values 
for  two  reasons  :  first  the  values  of  table  II  have  been 
calculated  for  a  cascade  declustering  and  detachment 
process,  neglecting  direct  detachment  of  the  cluster 
ions;  second  the  fast  dépopulation  of  some  species 
may  accéléra  te  the  detachment  of  other  species  through 
crossed  charge  exchange  reactions  [13,  14].  In  any 
case  it  can  be  seen  that  in  the  température  range 
between  1  500  and  2  500  K  ail  the  thermalization  times 
became  shorter  than  the  dark  period  duration  (for 
radia  larger  than  the  critical  one,  the  time  scale  for  the 
second  corona  is  so  short  that  only  the  primary  0" 
and  O2  ions  have  to  be  taken  into  account). 

The  equilibrium  concentrations  can  be  easily  cal- 
culated for  the  detachment  and  three-body  attachment 
reactions. 


i  A  +  B  +  e. 


(27) 


with  the  Saha  équation  for  ionizational  equili- 
brium [66], 


(28) 


where  n^,  «4  and  n^  represent  the  concentration  of 
électrons,  négative  ions  and  neutral  molécules  of 
type  A ,  and  g^^  the  degeneracy  of  the  ground 
States  of  molécule  and  ion  respectively,  e  ^  the  électron 
affinity  of  molécule  A,  m^.  the  électron  mass,  k  and  h 
the  Boltzmann  and  Plank  constants.  The  ratio  njn  ^  - 
is  reported  in  figure  3 1  as  a  function  of  the  ion  tempéra- 
ture :  it  can  be  seen  that  in  the  température  range 
1  500-2  500  K  the  detachment  is  practically  complète 
for  ail  the  possible  species. 
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Fig.  31.  —  Thermal  detachment  degree  of  négative  ions  in  air  at 
atmospheric  pressure  as  a  function  of  the  température  (the  ion 
température  and  the  gas  température  are  assumed  in  equilibrium). 


The  ion  température  may  be  assumed  to  be  not 
much  larger  than  the  gas  température.  In  fact,  with  a 
reduced  field  and  a  gas  température  T,,  the  ion 
température  is  [67,  37], 


1  (w  - 


(29) 


where  m  and  w,  are  the  molécule  and  ion  mass  respec- 
tively, the  reduced  mobility  (under  atmospheric 
standard  conditions)  the  gas  number  density  and  «0 
the  Loschmidt  number.  By  considering  the  two 
extrême  cases  of  température  increase  in  the  stem 
(with  constant  volume  or  pressure),  the  reduced  field 
may  be  estimated  in  the  range  2  x  10~  ^^-10"  V  cm^ 
(see  also  the  expérimental  values  of  §  3.2),  for  a  gas 
température  of  the  order  of  2  000  K.  This  corresponds 
to  an  increase  of  r_  over  the  gas  température  in  the 
range  15-350  K. 

It  is  therefore  possible  to  conclude  that  the  négative 
ion  detachment  may  be  an  efficient  mechanism  to 
increase  the  stem  conductivity  and  to  start  the  leader 
channel,  if  the  gas  température  within  the  stem  is 


Table  II.  - 
humidities. 


-  Equivalent  detachment  lifetime     (us)  as  a  function  of  the  ion  température,  for  différent  absolute 


02[H20]3 


r_(K) 

O" 

O2 

4  gr/m^ 

8  gr/m^ 

4  gr/m' 

8  gr/m' 

700 

1.47 

50 

1.3  X  10' 

2.6  X  10' 

6  X  10* 

5  X  10 

1  100 

1.32  X 

10-2 

0.70 

25 

50 

70 

6x10 

1  500 

2.1  X 

10^ 

8.2  X 

10-2 

3.6 

7.2 

6 

50 

1  900 

4.4  X 

10-* 

3.1  X 

10-2 

2.9 

5.8 

4 

30 

2  300 

1.96  X 

10-* 

1.38  X 

10-2 

2.0 

4.0 
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raised  above  a  critical  value  in  iho  range  1  500- 
2  000  K  :  the  lower  values  rcicr  lo  priuiary  ions 
;short  time  scales),  the  higlicr  values  lo  sccondary 
ions  (long  time  scales  and  high  air  humidily). 

3.5  Enercîy  input.  AU  the  électrons,  which  are 
not  attached  in  the  streamer  filaments  flow  along  the 
corona  stem  and  release  in  collisions  with  gas  molé- 
cules an  instantaneous  power  P  =  EL  where  /  is  the 
conduction  current,  which  can  be  measured  at  the  high 
voltage  électrode  [21 ,  62].  Due  to  the  différent  kinds  of 
elastic  and  inelastic  collisions,  this  power  is  stored  by 
the  gas  molécules  in  différent  forms  :  translational 
energy,  rotational,  vibrational  and  electronic  excita- 
tion, dissociation  and  ionization  energy.  Only  the 
translational  and  rotational  component  contribute 
to  a  direct  increase  of  the  gas  température  (the  rota- 
tional excitation  is  relaxed  in  a  few  collisions).  The 
repartition  of  the  power  input  into  the  différent  forms 
dépends  essentially  on  the  statistical  électron  energy 
distribution  function  and  on  the  cross  sections  for  the 
différent  collisions  [68].  It  can  be  calculated  by  solving 
the  Boltzmann  continuity  équation  in  phase  space  : 
in  the  présent  case  the  numerical  program  developed 
at  JILA  Laboratory  [37,  69,  70]  has  been  used,  which 
utilizes  a  spherical  harmonies  expansion  arrested  to  the 
first  term.  The  fractions  of  the  total  energy  stored  by 
the  gas  molécules  in  the  différent  forms  are  reported 
in  figure  32  as  functions  of  the  reduced  field 
The  most  important  processes  for  the  présent  case 
(£/«;,  =  10" '^-10"'^  Vcm^)  are  the  vibrational  and 
electronic  excitation  and  the  dissociation  ;  ionization 
becomes  important  only  at  higher  fields,  while  the 
translational  and  rotational  fractions  are  negligible. 
However,  at  atmospheric  pressure  the  electronic 
excitation  is  rapidly  relaxed  into  translational  energy 
by  quenching  collisions  :  the  relaxation  time  constants 
are  very  short  (10"  '°- 10' S  [71-73])  and  the  radiation 
losses  are  very  small  [26,  30,  31 ,  74].  As  a  conséquence 
on  the  time  scale  of  the  corona  to  leader  transition, 
the  translational,  rotational  and  electronic  compo- 


Fig.  32.  —  The  répartition  of  the  électron  energy  transfcrred  to 
neutrai  molécules  in  the  différent  forms  of  internai  energy  against 
the  reduced  field  (/-translation,  r-rotation,  i  -vibration,  t'-electronic 
excitation,  «/-dissociation,  /-ionization). 


nents  of  the  internai  energy  may  be  assumed  to  be  in 
thermal  equilibrium  at  the  gas  température  T,,. 

The  dissociation  power  fraction  may  be  considcred 
a  simple  energy  loss,  if  the  dissociation  heat  is  assumed 
to  be  constant  with  the  température,  and  the  thermal 
dissociation  and  recombination  reactions  are  neglect- 
ed  (see  next  paragraph). 

The  vibrational  excitation,  on  the  contrary,  is 
relaxed  in  relatively  long  times,  which  may  be  compa- 
rable with  the  time  scale  of  interest.  The  most  part  of 
this  energy  is  initially  stored  into  the  différent  vibra- 
tional levels  of  the  N2  ground  state  {X  '  i;  ^  )  molécules, 
which  have  the  largest  density  and  cross-sections;  it 
may  then  be  directly  relaxed  into  translational  energy 
in  collisions  with  any  kind  of  pair  particles  ;  or  trans- 
fcrred, with  energy-exchange  reactions  into  vibra- 
tional excitation  of  the  ground  state  of  différent 
molécules.  As  the  CO^i^'i)  and  Ufiivj)  vibrational 
States  have  about  the  same  energy  as  the  ^jiv  =  1) 
level,  the  exchange  reactions  are  résonant,  and  have  a 
very  large  reaction  rate.  As  a  conséquence,  inspite  of 
the  small  concentrations  of  H2O  and  CO2  in  atmo- 
spheric air,  a  large  amount  of  the  initial  energy  input 
may  be  vibrationally  transferred  to  thèse  molécules  ; 
and  the  thermal  relaxation  may  occur  through  diffé- 
rent parallel  channels.  In  figure  33  thèse  différent 
processes  are  schematically  represented  :  the  reaction 
rates  have  been  reported  by  many  authors  as  functions 
of  the  gas  température  [75,  76],  the  dashed  arrows  in 
figure  33  represent  reactions  with  low  rates,  while 
the  solid  Unes  indicate  the  fast  processes  and  represent 
therefore  the  principal  channels  of  vibrational  relaxa- 
tion. 

The  complète  relaxation  process  can  be  mathema- 
tically  simulated  with  a  complex  system  of  rate  equa- 


l  ig.  33.      Schematic  représentation  of  the  vibralion-vibratK) 
and  vibration-translation  processes  of  energy  transki  winch  c 
contribute  to  the  thermal  relaxation  of  vibrational  cxcilalion 
air  at  atmospheric  pressure. 
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lions  :  from  ils  numerical  solution  an  équivalent 
time-constant  t,,,  has  been  derived  (Fig.  34),  which 
dépends  on  both  gas  température  and  air  humidity. 
In  the  température  range  of  interest  for  the  stem 
évolution,  it  may  vary  from  10~^  to  10^^  s  :  the 
vibrational  energy  should  be  therefore  regarded  as  a 
réservoir,  at  a  température  T,,  larger  than  the  gas 
température  T^,,  which  can  be  relaxed  in  the"  stem 
just  after  its  formation  and  during  the  dark  period. 


Fig.  34.  —  Equivalent  time  constant  for  vibrational  relaxation 
in  air  at  atmospheric  pressure  as  a  function  of  the  température, 
for  différent  values  of  absolute  humidity. 


3.6  Leader  inception  model.  —  Let's  consider 
the  stem  as  a  cylindrical  plasma  channel  of  radius  a, 
with  uniform  internai  conditions  :  it  contains  Uf,  na^ 
molécules  per  unit  length.  The  energy  stored  in  the 
vibrational  réservoir  per  unit  length  is  [77]  : 


(30) 


where  e^,  is  the  average  vibrational  excitation  step  : 
it  may  be  assumed  practically  equal  to  the  N2(r  =  1) 
energy  level  (e^  =  0.28  eV).  The  balance  for  this 
réservoir  may  be  written  in  the  form  [62]  : 


di  ' 


El 


(31) 


where  the  first  term  represents  the  fractional  power 
input  due  to  electronic  collisions  and  the  second  one 
the  power  output  due  to  relaxation  in  the  transla- 
tional  form. 

The  energy  contents  of  the  thermal  réservoir  should 
account  for  translation,  rotation  and  electronic  exci- 


tation, plus  the  expansion  work.  It  can  be  therefore 
represented  in  terms  of  thermal  enthalpy. 


H,{Ti,)  =  l  ku,,  Ti,.ncr 


(32) 


where  the  electronic  contribution  to  the  internai 
energy  is  neglected,  because  of  the  relatively  low 
température  range  (see  next  paragraph).  The  balance 
équation  can  be  written  in  the  form, 


dt 


(/,  +  /,)  El  + 


(33) 


The  équation  System  (30)  to  (33)  can  not  be  solved, 
if  the  momentum  équation  is  not  added,  together  with 
the  gas  State  équation.  However,  if  the  conduction 
and  radiation  energy  losses  are  small,  it  can  be 
shown  [78]  that  the  mass  within  the  plasma  cylinder 
remains  constant  («;,  na^  =  constant),  whatever  is 
the  kind  of  expansion  process  (acoustic-wave  under 
equilibrium  or  shock-wave  with  large  internai  over- 
pressure).  With  this  condition  the  thermal  enthalpy 
in  eq.  (32)  becomes  only  a  function  of  the  température 
T^,  and  the  System  can  be  solved  if  the  energy  input 
is  known.  The  initial  reduced  field  E/n,,  has  been 
assumed  according  to  the  expérimental  values  reported 
by  Marode  [21,  22],  and  the  field  value  has  been  kept 
constant,  in  agreement  with  the  constancy  of  the  vol- 
tage distribution  during  the  résistive  phase  [22,  23]. 
Eqs.  (30)  to  (33)  have  been  numerically  solved  for  the 
current  oscillograms  of  figures  23  and  26,  with  initial 
conditions  a  =  0.1  mm  [32,  79]  and  T  =  T„  =  300  K. 
The  results  of  the  computation  are  reported  in  figure  35 
for  two  différent  values  of  humidity. 

It  can  be  seen  that  in  the  case  of  électrodes  with 
large  curvature  radius  the  critical  température  is 
reached  between  100  and  150  ns  independently  on  air 
humidity  :  the  second  corona  can  therefore  start  at  that 
time,  before  the  first  one  is  fully  developed,  in  good 
agreement  with  expérimental  results.  On  the  contrary, 
in  the  case  of  électrodes  with  small  curvature  radius, 
the  current  and  the  power  input  stop  before  the  critical 
température  is  reached  ;  however,  during  the  dark 
period  the  energy  of  the  vibrational  réservoir  is 
relaxed  into  thermal,  at  a  rate  which  dépends  essen- 
tially  on  humidity.  The  duration  of  the  dark  period 
dépends  therefore  on  humidity.  Since  the  applied 
impulse  shape  is  known,  the  increase  of  voltage 
A  Uj  may  be  estimated  (see  the  upper  scale  in  figure  35). 
The  computed  values  of  both  tj  and  AUj  are  in  good 
agreement  with  the  average  expérimental  results 
reported  in  figure  27,  for  différent  humidities. 

However  the  theoretical  model  would  predict  a 
decrease  of  the  dark  period  with  the  increase  of  the 
first  corona  because  of  the  higher  rate  of  energy  input. 
The  discrepancy  is  due  to  the  fact  that  the  proposed 
model  does  not  take  into  account  any  other  eflfect 
différent  from  the  change  of  the  internai  conductivity 
of  the  stem  :  it  neglects  therefore  the  field  increase  due 
to  the  rise  of  the  applied  voltage  and  the  chocking 
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ig.  35.  —  The  computed  températures  T,,  and  T ,.  in  the  stem,  for 
le  conditions  of  figures  23  and  24  respectively.  The  dashed  area 
spresents  the  critical  température  range  ;  the  second  corona 
iception  time    is  indicated. 


ffect  of  the  corona  space  charge.  The  local  field  around 
he  stem  cornes  from  the  combined  action  of  ail  three 
;ffects  :  in  figure  36  a  schematic  représentation  is 
;iven,  where  U{t)  represents  the  applied  voltage, 
2  _  the  électron  charge  which  flows  along  the  stem  and 
2^  =  Q_  ÛïQ  net  positive  charge  which  is  left  in  the 
;ap.  The  chocking  eflfect  is  represented  by  the  sharp 
irop  of  the  field  at  the  time  of  corona  inception  :  the 
implitude  of  this  drop  and  the  field  E,„  after  the  drop 
lepend  on  the  corona  charge  (Fig.  25).  It  is  obvious 
hat  this  effect  is  less  marked  on  the  radial  field  around 
he  stem  than  on  the  longitudinal  component  at  its 
ip  :  the  second  corona  starts  therefore  preferentially 
n  the  radial  direction.  The  field  recover  during  the 
iark  period  is  due  partly  to  the  voltage  increase 
dashed  lines)  and  partly  to  the  positive  charge  libe- 
rated  in  the  stem  by  the  detachment  of  négative  ions 
;solid  lines).  If  it  is  assumed  that  the  second  corona 
itarts  at  an  inception  field  it  appears  from  figure  36 
that  the  large  recover  due  to  a  large  g  _  may  be  masked 
by  the  larger  chocking  eflfect  of  2+  (see  Fig.  25), 
resulting  in  a  longer  dark  period. 


mum  corona  charge  (around  1  ^C)  neccssary  for  the 
stem  to  be  heated  above  the  critical  température  and 
for  the  leader  channel  to  be  launched,  immediatoly 
after  the  first  corona  puise  ;  it  can  be  calculated  by 
intégration  of  eq.  (33)  if  the  vibrational  relaxation  is 
neglected,  and  dépends  slightly  on  the  form  of  the 
current  puise.  The  critical  radius  is  the  minimum 
électrode  size  necessary  to  produce  the  critical  corona 
charge. 

In  order  to  verify  such  an  interprétation,  the  charge 
produced  by  a  single  streamer  has  been  calculated 
with  the  theoretical  model  presented  in  §  3,  for  ail  the 
expérimental  configurations  reported  in  figure  29  [57]  : 
the  computed  charge  is  almost  constant  (in  the  range 
20-40  nC)  over  the  complète  range  of  configurations, 
inspite  of  the  variations  of  more  than  one  order  of 
magnitude  of  both  gap  length  and  critical  radius. 

4  Leader  channel  characteristics.  —  4.1  Expé- 
rimental RESULTS.  —  The  leader  channel  appears 
in  the  static  photos  and  Image  Converter  frame 
records  (Fig.  37)  as  a  luminous  thin  channel,  which 
connects  the  corona  région  to  the  h.v.  électrode,  and 
seems  to  expand  in  time.  However,  due  to  the  low 


Fig  37.  —  Frame  pictures  of  the  leader  channel  in  différent  stages 
of  its  development  (10  m  cone-plane  gap.  500/10  000^8  wave). 


Fig.  36.  —  Schematic  représentation  of  the  second  corona  incep- 
tion for  différent  charges  ot  lirst  corona. 


The  proposed  model  for  the  leader  inception, 
indicates  a  physical  interprétation  for  the  critical 
radius  ;  in  fact  the  model  predicts  that  therc  is  a  mini- 


intensity  of  the  emitted  light  and  to  the  resolution 
limits  of  the  electro-optical  Systems,  it  is  difficult 
to  estimate  the  time-dependence  of  its  luminous 
diameter.  Some  careful  measurements,  made  with  a 
photodensitometer  on  static  photographs  when  break- 
down  does  not  occur  [80],  have  shown  a  smooth 
luminous  profile  (Fig.  38),  with  average  values  of  the 
final  radius  in  the  range  2-4  mm  for  1 0  m  gaps,  depend- 
ing  essentially  on  the  total  charge  flown  through  the 
leader  section.  For  shorter  gaps  (1.5  m)  and  lower 
charges  the  luminous  radius  is  quite  smaller  (0.5- 
1.0mm)[81]. 

With  time-resolved  Schlieren  measurements  [79] 
the  density  variations  in  the  leader  région  have  been 
photographcd  (Fig.  39).  The  ihcrmal  radius  of  the 
channel  in  a  1.5  m  gap  increases  from  an  initial  value 
of  about  0.2  mm,  to  0,5-0.6  mm  for  a  withstand  and  to 
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Fig.  38.  —  Light  profile  across  a  section  of  the  leader  channel, 
derived  from  photodensitometer  measurements  on  static  photo- 
graphs  when  breakdown  do  not  occur. 


a)  b) 


c)  d) 


Fig.  39.  —  Time  resolved  Schlieren  photographs  of  leader  channel 
(1.5  m  point-plane  gap  30/2  500  us  wave;  {a)  t  =  5.2(18,  {b) 
t  =  8.1  us,  (c)  t  =  15.2  ns,  id)  t  =  36.5  ns). 


0.8-0.9  mm  just  before  the  main  discharge  for  a  break- 
down. The  observed  rate  of  expansion  of  the  column 
was  subsonic  in  ail  cases  :  shocl:  waves  from  leader 
channels  are  observed  only  after  the  retum  stroke 
and  the  formation  of  the  main  discharge.  Thèse 
measurements  indicate  a  good  correspondance 
between  the  lumtnous  and  the  thermal  diameter. 
Récent  Schlieren  photographs  is  longer  gaps  [32] 
have  shown  a  similar  behaviour  and  have  given 
satisfactory  measurements  of  the  time-evolution  of 
the  thermal  radius  of  the  leader  channel  (Fig.  40). 

During  the  discharge  growth  a  net  power  is  injected 
into  the  gap,  which  dépends  on  the  applied  voltage 


0  2  5  50  75  100 


Fig.  40.  —  The  variation  of  the  leader  thermal  diameter  versus 
time  ((a)  1 .5  m  gap,  (b)  2.5  m  gap,  (c)  10  m  gap,  extrapolated  from 
[32,  80,  81]). 


and  the  total  current  :  its  intégral  corresponds  to  the 
energy  which  is  stored  or  dissipated  in  the  gap  (Fig.  41  ). 
It  can  be  easily  shown  that  the  ionization  and  excita- 
tion losses  in  the  corona  région  are  small,  compared  to 
the  total  energy  input,  while  the  radiative  power 


Fig.  41.  —  Voltage,  current,  power  and  energy  input  in  the  dis- 
charge gap  (10  m  cone-plane  gap  500/10  000  ns  wave). 


output  is  absolutly  negligible  [37, 79].  As  a  conséquence 
the  energy  input  may  be  stored  essentially  in  two 
différent  forms  :  the  electrostatic  energy  of  the 
positive  charge  distributed  into  the  gap,  and  the 
increase  of  enthalpy  Ù^W,,  of  the  heated  parts  of  the 
discharge.  Measurements  of  charge  and  field  with 
capacitive  probes  and  fluxometers,  have  given  qua- 
litative and  quantitative  indications  on  the  space 
charge  distribution  during  the  discharge  growth  [82, 
83].  From  them  and  l^W^  have  been  separated 
(Fig.  42)  ;  the  electrostatic  component  is  an  appré- 
ciable portion  of  the  input  energy  at  the  shorter  leader 
length,  while  the  enthalpy  increase  becomes  the  most 
important  when  the  leader  grows  more  than  a  few 
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mcters  :  from  figure  42  Ihc  available  encrgy  inpul  APT,, 
to  a  leader  of  2  m  axial  length  is  approximalely  25  J, 
whereas  it  is  about  110  J  al  4  m  and  about  210  J  al 
6  m.  If  il  is  assumed  lhal  Ihis  encrgy  inpul  balances  Ihe 
expansion  work  and  Ihe  increase  of  inlcrnal  encrgy 


Fig.  42.  —  The  electrostatic  energy  and  the  enthalpy  increase 
AW,  during  the  leader  development  as  functions  of  its  axial  length 
L.  (10  m  cone-plane  gap,  500/10  000  us  wave). 


in  Ihe  Iranslalional  and  rolational  forms  only 
(eq.  (32));  Ihe  average  lemperalure  increase  can  be 
eslimaled'around  2  200  K  for  a  2  m  leader,  around 
5  500  K  for  4  m  and  7  000  K  for  6  m  (for  the  inilial 
radius  of  figure  40).  Thèse  are  obviously  upper-limits 
for  Ihe  leader  lemperalure,  because  of  rough  simplifi- 
calions  in  ihe  energy  repartilion  ;  however  ihey 
indicale  lhal  Ihe  overlemperalure  in  Ihe  leader  channel 
is  in  a  range  where  ihermal  ionizalion  and  thermody- 
namic  equilibrium  can  nol  be  assumed  [84]. 

From  Ihe  same  charge  and  field  measuremenls,  Ihe 
average  field  along  Ihe  leader  channel  has  been 
estimated  (Fig.  43)  [82,  83]  ;  il  decreases  with  ihe 
leader  lenglh,  which  is  consislenl  wilh  Ihe  assump- 
lion  lhal  Ihe  local  gradienl  is  time-dependenl  wilh  a 
decreasing  characlerislic  :  Ihe  older  leader  sections 
should  have  a  lower  gradient  than  the  new  ones. 
The  results  presented  in  figure  43  are  also  upper  limils 
because  they  include  any  gradienl  belween  the  leader 


-  \b 

\  \ 

Fig  43.  —  The  leader  average  gradient  as  a  function  of  the 
channel  axial  length  L,  (cone-plane  gap,  500/10  000  ^s  wave  : 
(a)  10  m  (83),  (/j)  6  m,  {<  )  10  m  [82]). 


lip  and  the  spacc  charge  boundary.  For  a  10  m  gap, 
if  the  final  value  of  the  average  leader  gradient  (about 
1  kV/cm,  see  Fig.  43)  are  used,  togelher  wilh  the  final 
values  of  the  leader  radius  in  the  case  of  wilhstand  and 
Ihe  linal  pcak  currenls  (2-5  A),  the  average  leader 
conduclivily  (o  =  8-16  x  10  Q  '  cm"')  and  the 
corresponding  average  électron  density  (n,  =  2.5- 
5.0  X  10'^  cm"^)  can  be  estimated. 

Spectroscopic  measuremenls  of  the  leader  émission 
are  nol  very  accurale,  because  of  the  low  lighl  inten- 
sity  :  however,  the  gênerai  behaviour  of  the  spectrum 
indicale  lhal  the  gas  is  essentially  non  dissocialed  :  the 
nitrogen  spectral  components  are  ail  molecular,  while 
small  traces  of  OH,  NO  and  O3  Systems  indicale  lhal 
Ihe  molécules  with  low  dissociation  energy  (O2  and 
H2O)  are  partially  dissocialed.  This  is  consistent  with 
the  low  température  range  above  reporled.  The  mosl 
important  band  Systems  are  localed  in  the  red  région 
and  correspond  to  excitation  énergies  much  lower  than 
those  observed  for  the  corona  slreamers  [31].  The 
intensily  ratio  of  the  nitrogen  molecular  Systems 
allows  the  estimation  of  the  average  électron  energy 
in  the  leader  channel  :  il  is  in  the  range  belween  1 
and  2.5  eV,  depending  essentially  on  the  assumplions 
made  on  the  form  of  the  électron  energy  distribution. 
The  corresponding  values  of  the  reduced  field  E/rif, 
wiU  lie  in  the  range  2-7.5  x  10"  V  cm^  Thèse  results 
are  very  similar  to  those  reporled  in  §  3  for  the  stem. 

Currenl  and  lighl  measuremenls  with  interférence 
filters  [74]  have  shown  that  inspile  of  the  large  fluctua- 
lions  in  ail  the  records,  the  ratio  of  lighl  to  currenl  is 
praclically  constant  for  any  of  the  filters  used  and 
during  ail  the  leader  development.  This  indicales 
lhal  the  excitation  occurs  essentially  by  eleclronic 
collisions,  under  a  reduced  field  E/n,  which  remains 
almost  constant  in  lime.  As  the  leader  gradient  E 
présents  a  decreasing  characlerislic  with  lime,  the 
constancy  of  the  ratio  E/n^  should  dépend  on  the  leader 
expansion,  which  causes  a  decrease  of  the  gas  number 
density.  When  slrong  reilluminations  of  the  channel 
occur,  the  ratio  of  lighl  to  currenl  increases,  although 
this  increase  is  usually  nol  large  ;  since  the  variation 
of  lighl  émission  wilh  E/n^  is  expected  to  be  rapid, 
the  increase  of  E|n^,  during  reilluminalions  will  be 
small. 

4.2  The  conservation  équations.  —  From  the 
above  presented  results,  the  leader  appears  as  a 
weakly  ionized  plasma  channel,  where  the  currenl 
flow  and  the  corresponding  energy  inpul  cause 
significanl  thermo-hydrodynamic  processes.  The 
mechanism  of  energy  transfer  from  électrons  to  heavy 
particles  and  the  subséquent  relaxation  inlo  thermal 
energy  should  be  similar  to  that  described  in  the  prc- 
ceding  chapter  for  the  stem  formation.  However, 
the  longer  lime-scale  and  the  larger  température 
range  make  the  theoretical  analysis  more  complex. 
In  the  présent  section  a  non  LTE  model  will  be  pre- 
sented,  with   simplifying   assumplions   which  are 
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adéquate  to  the  internai  conditions  experimentally 
observed  for  the  leader  up  to  the  final  jump  :  this 
model  will  then  be  generalized  in  the  next  sections  to 
represent  the  final  stages  and  the  leader  to  spark 
transition. 

According  to  the  discussion  of  the  §  3,  a  leader 
section  is  formed  when  the  detachment  rate  of  négative 


ions  overcomes  the  électron  attachment  rate,  leading 
to  a  large  increase  of  conductivity  ;  as  a  conséquence 
the  leader  plasma  channel  may  be  assumed  to  be 
composed  by  three  kind  of  particles  :  électrons, 
positive  ions  and  heavy  particles.  For  each  species 
the  mass,  momentum  and  energy  conservation  équa- 
tions may  be  written. 


^  +  V.KTJ  = 

d  _   

—  {m,     rj  +  V .  (m,  n,  v,  vj  +  V  .p,  -- 


+  m, 


(34) 


where  is  the  volume  density  of  particles  of  the  s-th 
kind,  their  velocity,  their  total  génération  and 
destruction  rate  by  any  kind  of  collisional  processes, 
Ps  and  their  partial  pressure  and  température 
(p^  =  kn^  rj,  and  the  particle  mass  and  charge, 
the  average  internai  energy  above  the  thermal  value, 
and  the  conduction  current  and  heat  flow  due 
the  5-th  species,  v^,  and  v*  the  effective  collision  fre- 
quencies  for  momentum  transfer  and  energy  exchange 
with  the  /'-th  particle  species  [68,  69].  The  sum  terms 
in  the  second  and  third  équation  represent  the  average 
momentum  and  energy  exchanges  in  collisions  between 
the  particles  of  the  5-th  kind  with  ail  the  other  par- 
ticles of  the  plasma.  To  complète  system  (34),  the 
field  and  current  density  équations  have  to  be  added 

Z 

V.E  =  -  

In  the  présent  case  the  leader  channel  may  be  assum- 
ed as  a  cylindrical  plasma  column  with  almost  uniform 
longitudinal  characteristics  :  the  differential  operator 
V  is  then  reduced  only  to  the  radial  derivative. 

4.3  The  oxygen  dissociation.  —  When  the  energy 
conservation  équation  is  applied  to  the  gas  molécules, 
the  internai  energy  may  be  assumed  to  be  a  state 
function  (i.e.  to  be  univocally  determined  by  the 
neutral  température),  only  under  the  condition  that 
the  populations  of  ail  the  possible  internai  energy 
levels  are  in  thermodynamic  equilibrium  with  the 
translational  component.  As  it  has  been  shown  in  the 
previous  paragraph,  this  is  not  the  case  for  the  time 
scales  of  stem  and  leader  channel  in  long  sparks  :  the 
rotational  and  electronic  excitation  may  be  assumed 
to  be  in  equilibrium  with  the  gas  température,  but 
the  vibrational  réservoir  has  a  much  higher  tempéra- 
ture, and  its  energy  is  relaxed  into  thermal  form  at  a 


variable  rate  during  the  discharge  development. 
Furthermore  the  dissociation  and  recombination 
reactions,  which  have  been  considered  in  the  pre- 
vious section  only  as  a  component  of  the  électron 
energy  losses,  have  to  be  taken  into  account  on  a 
longer  time  scale  and  a  wider  température  range. 
In  figure  44  the  reaction  rates  of  the  principal  thermal 
dissociation  reaction  are  reported  [85,  86]  ;  the  dashed 
line  represents  the  reaction  rate  for  dissociation  cor- 
responding  to  a  time-constant  of  100  )as.  From  this 
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1)  02 +M     -V  20  +M 

2)  H2O+M  ->  H2  +2  O2+M 

3)  N2+M     ->  2N  +M 

4)  N2+O     ->  NO  +N 

5)  NO+M     ->  N  +0  +M 
5)     N2+O2  2N0 

Fig.  44.  —  The  rates  of  the  principal  dissociation  reactions  occurr- 
ing  in  atmospheric  air,  as  functions  of  the  gas  température. 
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igure  it  appears  that  many  dissociation  reactions 
;an  be  neglected,  because  their  time-constants  are 
nuch  longer  than  the  discharge  time-scale  ;  others  can 
)e  neglected  because  the  initial  concentrations  of  the 
■eacting  molécules  are  small  and  the  contribution 
o  the  energy  balance  is  negligible.  Essentially,  only 
he  O2  dissociation  and  recombination  can  give  a 
;ignificant  contribution  to  the  energy  exchanges  in  the 
eader  channel  :  from  the  rate  constants  and 
c_i  [85,  86]  an  équivalent  time  constant  for  oxygen 
dissociation  can  be  calculated. 


(35) 


where  is  the  density  of  neutral  molécules,  «S,  the 
density  of  O2  before  the  beginning  of  dissociation 
(in  air  «g,  =  0.21  «,)  and  d  the  dissociation  degree 


d  -  ■ 


-  "02 


(36) 


Fig  46  —  Schematic  flow-chart  of  the  energy  exchanges  between 
the  différent  forms  of  internai  energy,  under  the  conditions  appro- 
priate  for  the  leader  channel. 


The  values  of  Tq,  are  reported  in  figure  45  ;  for 
températures  larger  than  4  000  K  the  thermal  disso- 
ciation of  the  O2  molécules  adds  to  the  direct  disso- 


4.4  The  homogeneous  core  model.  —  To  sim- 
plify  the  system  of  eq.  (34),  according  to  the  conclu- 
sions of  Braginskii  [78],  the  leader  channel  may  be 
assumed  to  have  a  homogeneous  cylindrical  core  of 
radius  a,  surrounded  by  a  thin,  dense  shell.  The  pres- 
sures, températures  and  particle  densities  are  assumed 
constant  over  the  cross  section  of  the  core,  the  varia- 
tions of  thèse  parameters  to  the  values  of  the  surround- 
ing  indisturbed  gas  being  concentrated  in  the  shell. 
The  radial  derivatives  disappear  from  eqs.  (34) 
inside  the  core,  and  they  can  be  integrated  from  the 
center  to  the  radius  a.  For  a  unit  length  section  of 
such  a  channel  the  mass  conservation  équations 
become. 
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Fig.  45.  —  The  équivalent  time  constant  for  oxygen  dissociation, 
in  atmospheric  air,  as  a  function  of  the  gas  température  and  the 
dissociation  degree. 


ciation  by  électron  collisions  ;  and,  in  the  complète 
energy  flow  (Fig.  46),  a  third  réservoir  (of  chemical 
energy)  has  to  be  considered  :  it  has  a  direct  input 
from  électrons,  and  exchanges  energy  with  the  thermal 
réservoir  in  recombination  and  dissociation  reactions. 
The  energy  conservation  of  the  neutral  molécules 
splits  therefore  in  three  équations,  each  one  represent- 
ing  the  balance  of  a  single  réservoir. 


d^, 
"dT 

"dT 


dyv+ 
''  "dT 


(37) 


where  N„  N+  and  A^;,  represent  the  number  of  élec- 
trons, positive  ions  and  neutral  molécules  per  unit 
length,  Nd  and  the  net  rates  of  dissociation  and 
ionization  respectively  ;  it  has  been  implicitly  assumed 
that  the  dissociation  of  one  molécule  produces 
two  fragments,  leading  to  a  proportional  increase  of 
the  number  density. 

The  three  momentum  équations  can  be  added 
together,  so  that  the  collision  terms  vanish.  Under  the 
assumption  of  plasma  neutrality  within  the  core 
{E,  =  0),  and  identical  average  expansion  velocity 
for  ail  the  particles  <â>  the  résultant  équation 
becomes  [87], 


dt 


-.2na[ip,}  -  ip.y],  (38) 


C7-220 


1.  GALLIMBERTI 


where  <  p<.  >  and  <  >  represent  the  average  values  of 
the  pressure  in  the  core  and  shell  respectively. 

If  the  ionic  component  of  the  total  current  /  is 
neglected  [62],  the  électron  and  ion  energy  conserva- 
tion équations  become, 


where  v*  is  the  effective  electron-neutral  energy 
exchange  collision  frequency,  reported  for  air  by  Hake 
and  Phelps  [69]  as  a  function  of  ;  is  the  effective 
momentum  transfer  collision  frequency  for  Coulomb 
collisions,  given  by  the  Spitzer  équation  [88], 


d 

d,  ^ 

+  p^l^ina')  =  El 
d  r.,   5  ,  _  "I  ,  d 


In  thèse  équations,  is  assumed  equal  to  the  average 
ionization  energy  of  the  gas  molécules  [66],  and  the 
vibrational  and  electronic  components  of  the  ion 
internai  energy  have  been  neglected.  The  second  terms 
represent  the  contributions  of  électrons  and  ions  to  the 
expansion  work,  which  are  generally  small  at  low 
ionization  degree.  The  collision  terms  may  be  written 
in  the  form, 


(40) 


^4  7î£o  mj 

(39) 


Inyl  , 


(41) 

where  A  is  the  ratio  between  the  Debye  length  and  the 
impact  parameter  for  a  90»  scattering  ;  v+;,  is  the 
momentum  exchange  collision  frequency  for  ion- 
neutral  collisions,  which  can  be  simply  derived  from 
ion  mobility  measurements  [67,  37], 


e{mf,  +  w  +  ) 


(42) 


In  order  to  write  the  energy  balance  équations  for 
the  three  réservoirs  corresponding  to  the  neutral 
molécules  (Fig.  46),  it  has  to  be  taken  into  account 
that  the  total  energy  transferred  directly  from  the 
électrons  to  the  molécules  C^^  dévides  in  the  différent 
fractions  reported  in  figure  30.  According  to  thèse 
values  and  to  eqs.  (30)  and  (31),  the  balance  équations 
can  be  written  in  the  form. 


[N„  cf  T„]  +p,~  ina')  =  if„  +  fj  C,,  +  C  +  ,  - 


(43) 


where  r*  is  a  partial  spécifie  beat  at  constant  volume 
including  only  the  translational,  rotational  and  elec- 
tronic components  of  the  internai  energy  (Fig.  47), 
TVq^  is  the  total  number  of  O2  molécules  (the  opposite 
of  its  derivative  corresponds  to  in  eqs.  (37))  and 
is  the  dissociation  energy  at  the  température  T,, 
(Fig.  47)  :  it  includes  the  formation  heat  and  the 
différence  of  enthalpy  between  a  couple  of  oxygen 
atoms  and  one  molécule.  In  figure  47,  the  total  spécifie 
heat  c„  (at  thermodynamic  equilibrium  and  including 
hence  also  the  vibrational  and  chemical  components) 
is  reported  for  comparison  :  it  is  clear  that  there  is  a 
large  différence  between  c*  and  c,,. 

To  complète  the  équation  system  the  state  and  the 
pressure  équations  have  to  be  added  [87],  together 
with  the  electric  field  équation  (Poisson's  équation). 


na^  p,  =  N^kT,  \ 
na^  (p^y  =  TV,  kT,  +       kT^  +  yV,,  kT^  1 

M=i±i<^ri. /pr^ô^Ti. 

4    Co  L     VVr  +  1  <û>y     J  / 

(44) 

The  last  two  équations  represent  the  classical 
Rankine-Hugoniot  formulae  for  shock  wave  [87,  89], 
where  M  represents  the  Mach-Number  of  the  shock 
front  launched  by  the  core  piston  expanding  with  a 
velocity  <  à  >  ;  p^  and  Cq  are  the  pressure  and  the 
Sound  speed  in  the  indisturbed  gas,  and  >-  the  ratio  of 


1111    MI  CHANISM  OF  THF,  LONG  SPARK  FORMATION 


C7-221 


low  with  respect  lo  Ihe  électron  température  (see 
the  above  reportée!  expérimental  results),  the  ioniza- 
tion  occurs  essentially  by  electron-neutral  collisions, 
while  the  recombinalion  occurs  by  three-body  cap- 
ture in  electron-ion  collisions  [66]. 

If  mullistep  or  Penning  ionization  are  neglected, 
the  ionization  frequency  v,  and  the  rate  of  électron 
production  N^.  v,  can  be  calculated  [66]  : 


300  1000  3000  10000 

tC-k) 

Fig.  47.  —  The  partial  spécifie  heat  at  constant  volume  t*  (for 
translation,  rotation  and  electronic  excitation),  the  total  spécifie 
heat  c,  and  the  contribution  of  the  vibrational  component  c*.,  as 
functiôns  of  the  air  température.  is  the  dissociation  heat  of 
oxygen  molécules. 


the  spécifie  heats  ;  for  small  values  of  <  a  >  (weak 
waves)  M  is  about  1  and  the  shell  overpressure  is 
practically  0.  This  corresponds  to  an  expansion  under 
pressure  equilibrium  {(Pc)  ^  <P.)  =  Po)^  where  no 
shock  waves  are  generated  :  from  the  above  presented 
expérimental  results  this  seems  to  be  the  case  of  the 
leader  channel,  at  least  up  to  be  final  jump. 

If  it  is  assumed  that  the  leader  channel  behaves  as 
a  résistive  conductor,  its  conductivity  (eq.  (26))  may  be 
calculated  neglecting  the  ionic  component,  and  the 
Poisson's  équation  may  be  replaced  by  the  simple 
ohmic  relation, 


(45) 


where  the  current  /  has  to  be  assumed  as  an  external 
input  variable,  being  determined  by  the  ionizing 
activity  in  the  leader  corona  région  ;  the  mobility  n^, 
at  high  ionization  degrees  should  account  also  for 
electron-ion  collisions  [66,  88], 


j(i^)  q:  —  ^  dK . 


(47) 


where  and  are  the  ionization  reaction  rate  and 
cross-section,  e,,  the  ionization  energy  and  /(e)  the 
électron  energy  distribution  function.  The  reduced 
ionization  frequency  v,/«;,  has  been  experimentally 
determined  as  a  function  of  T,  at  low  gas  tempéra- 
ture [18,  90]  :  the  électron  energy  distribution  function 
dépends  strongly  from  the  électron  température 
but  only  slightly  on  the  gas  température  T^,,  if  it  is 
rather  smaller  than  T,.  As  a  conséquence  the  expéri- 
mental values  of  v^jn^  can  be  used  over  a  relatively 
large  range  of  T^,  and  they  are  assumed  to  be  appro- 
priate  for  the  présent  calculations  (see  the  discussion 
in  §  7). 

The  rate  of  électron  destruction  by  recombination 
can  be  calculated 


(48) 


(46) 


where  is  the  total  electron-ion  recombination 
coefficierit  [66]  :  the  latter  dépends  on  the  électron 
température  T^,  but  essentially  on  the  nature  of  the 
positive  ions.  The  primary  ions,  produced  directly  by 
ionization  (Nj  and  Oj  )  are  rapidly  converted  into 
différent  secondary  species  by  charge-transfer  reac- 
tions [37].  The  most  important  of  thèse  are  listed  in 
table  3  together  with  the  corresponding  reaction 
rates  [12-14].  By  solving  the  system  of  rate  équations 

Table  III.  —  Principal  positive  charge-exchange  reac- 
tions occurring  in  atmospheric  air. 

Reaction  rate 
Reaction  (cm'/s) 


where  v^^  is  the  effective  collision  frequency  for  momen- 
tum  transfer  between  électrons  and  neutral  molé- 
cules [69]. 

4.5  THF.  ELECTRON  PRODUCTION  RATE.         The  set 

of  eqs.  (37)  to  (46)  is  complète  and  ready  for  a  nume- 
rical  solution  for  any  set  of  initial  conditions,  if  the  net 
rate  of  électron  production  is  defined.  If  the  gas 
température  in  the  leader  is  assumed  to  be  relatively 
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Fig.  48.  —  The  electron-ion  recombination  coefficient  for  the 
principal  positive  ions  présent  in  the  leader  channel  as  a  function 
of  the  électron  température.  The  dashed  line  (âj  represents  an 
average  value,  weighted  on  the  relative  concentrations. 


associated  to  the  reactions  of  table  III,  the  principal 
species  for  the  leader  channel  time-scale  have  been 
shown  to  be  the  primary  ions  plus  NO"^  and  H^O^  ; 
from  their  relative  concentrations  and  from  the 
recombination  coefficients  of  the  single  species  [91, 
92],  an  average  value  of  a^„  to  be  used  for  the  présent 
calculations,  has  been  derived  (Fig.  48)  (for  further 
discussion,  see  §  7). 

The  net  électron  génération  rate  in  eq.  (37) 
can  be  therefore  expressed  in  the  form  : 


A^^  =      V,.  -  N^—^a,.  (49) 


4.6  COMPUTED    AND    EXPERIMENTAL    RESULTS.  — 

The  set  of  differential  eq.  (37)  to  (43)  has  been  inte- 
grated  by  a  conventional  Runge-Kutta  method.  The 
calculated  results  are  reported  in  figures  49  to  52, 
for  an  expérimental  current  oscillogram  (Fig.  49), 
recorded  during  the  leader  development  in  a  10  m 
cone-plane  gap  [93].  The  initial  conditions  are  the 
following  : 


■■  n+  =  2.63  X  lO^^ 
=  19.600  K;  r+  : 
:  0;  a  ■■ 


1  150  K; 
0. 1  cm  ; 


T,  =  =  1  000  K 
4   =  h  gr/m^  ; 


Mheor. 

t(f.») 


decreases  rapidly  :  as  a  conséquence  the  energy  stored 
in  the  vibrational  réservoir  flows  to  the  thermal  one 
(the  rate  of  rise  of  the  gas  température  increases,  due 
to  the  faster  relaxation)  and  on  longer  times  tends 
towards  thermal  equilibrium.  The  rate  of  rise  of  the 
température  then  slows  down  because  of  the  decrease 
of  the  electric  field  and  hence  of  the  power  input.  When 
the  current  présents  large  peaks  the  vibrational  tem- 
pérature increases  slightly,  and  the  gas  température 


Fig.  49.  —  Expérimental  current  oscillogram  /  (10  m  cone-plane 
gap,  500/10  000  us  wave),  and  expérimental  and  computed  light 
émission  from  a  section  of  leader  channel. 


the  choise  of  thèse  values,  which  at  the  moment  may 
appear  arbitrary,  will  be  discussed  in  the  next  pages. 

From  figure  50  it  can  be  seen  that  in  the  first  1 0- 1 5  us 
the  vibrational  température  increases  much  more 
rapidly  than  the  gas  température,  according  to  the 
large  fraction  of  the  energy  input  which  feeds  the 
vibrational  réservoir  ;  however,  as  the  gas  température 
increases  the  vibrational  relaxation  time  constant 
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Fig.  50.  —  The  computed  variations  of  gas  température  T^,  vibra- 
tional température  T,  and  électron  température  T^,  for  the 
expérimental  current  input  of  figure  49. 


1111    MI  C  IIANISM  OF  THF  LONG  SPARK  FORMATION 


C'7-22? 


jhows  only  a  variation  of  ils  rate  ol'risc.  Tlie  range  ol' 
[he  gas  température  variation  is  in  agreement  witli  the 
expérimental  estimâtes.  The  ion  température  r+ 
remains  always  about  100  K  above  the  gas  tempéra- 
ture. 

Inspite  of  the  field  decrease,  the  reduced  field  E/H), 
and  the  électron  température  remain  about  cons- 
tant, having  only  small  fluctuations  in  correspondence 
to  the  sharp  current  and  power  peaks.  This  confirms 
the  expérimental  observations  of  the  light  to  current 
ratio,  which  have  been  previously  discussed.  The 
calculated  values  of  both  E/n„  and  T,  lie  in  the  range 
of  the  expérimental  estimâtes. 

The  gas  number  density  decreases  with  about  the 
same  pattern  as  the  electric  field,  according  to  the 
constancy  of  E/n,.  The  oxygen  dissociation  degree 
increases  slightly,  but  it  remains  in  any  case  limited 
(less  than  20  %  after  200  us)  :  the  most  important 
contribution  to  dissociation  is  given  by  electron- 
neutral  collisions.  The  électron  density  decreases, 
due  to  the  channel  expansion,  but  présents  large  peaks 
in  correspondence  with  the  current  sharp  puises  : 
the  computed  values  are  around  10'^  cm" ^  in  a  quite 
good  agreement  with  the  expérimental  values.  Also 
the  field  pattern  of  figure  51  correspond  very  well  to 
the  expérimental  measurements  of  figure  43. 


peaks  in  figure  52)  :  it  can  be  therefore  expected  that 
with  large  overvoltages  or  with  négative  polarity 
(in  both  cases  the  current  can  reach  much  higher 
values)  the  energy  input  may  be  large  enough  to 
generate  shock  waves  ;  they  have  been  in  fact  observed 
in  the  récent  experiments  of  the  Les  Renardières 
Group  [32]  on  long  négative  sparks. 


t(^s) 

Fig.  52.  —  The  computed  variations  of  the  channel  radius  a,  of  the 
shell  overpressure  <  p,  >,  and  of  the  expansion  velocity  for  the 
expérimental  current  input  of  figure  49. 
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Fig.  51.  —  The  computed  variations  of  the  gas  and  électron  densities 
(«^  and  respectively),  and  of  the  actual  and  reduced  electric  fields 
(£  and  E/n^  respectively),  for  the  expérimental  current  of  figure  49. 


The  channel  expansion  (Fig.  52)  occurs  with  very 
small  overpressure  in  the  wave  front,  with  a  velocity 
which  is  always  much  smaller  than  the  sound  speed. 
This  is  consistent  with  the  results  of  the  Schlieren 
photography  ;  the  expérimental  diameters  are  in 
excellent  agreement  with  the  computed  values.  How- 
ever,  both  the  expansion  velocity  and  the  front  over- 
pressure increase  rapidly  with  the  current  (see  the 


For  further  comparison  between  expérimental  and 
^     computed  results,  the  luminous  émission  L  from  the 

0  leader  channel  has  been  calculated, 

1  ^  =  SqNnE  (50) 


where  ô  and  q  are  the  average  values  of  the  excitation 
coefficients  and  colhsional  quenching  factors  for  the 
différent  band  Systems  emitted  by  the  nitrogen  molé- 
cules (essentially  the  First  and  Second  Positive 
Systems  [30,  37].  The  computed  results  show  a  very 
good  agreement  with  the  expérimental  light  oscillo- 
gram  recorded  contemporarily  to  the  current  (Fig.  49). 

4.7  QuASi-EQUiLiBRiUM  coNomoNS.  The  pre- 
sented  results  indicate  that  in  the  leader  évolution 
différent  quasi-equilibrium  conditions  are  reached, 
which  are  worth  of  further  discussion.  Let's  consider 
the  électron  and  ion  energy  eqs.  (39)  ;  the  output 
term  C,;,  (eqs.  (40))  is  a  function  of  the  effective  energy 
exchange  collision  frequency,  which  is  for  the  actual 
values  of  larger  than  10^  s  '  [69].  As  a  conséquence 
the  électron  energy  relaxation  occurs  with  a  time 
constant  which  is  much  shorter  than  the  leader  time 
scale.  Furthermore  the  électron  and  ion  densities  are 
relatively  small,  so  that  the  Coulomb  collision  term 
is  négligeable,  together  with  the  partial  pressures 
and  p  +  . 

For  thèse  reasons  the  second  members  of  eqs.  (39), 
and  hence  the  derivatives  at  the  first  member,  are 
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almost  zéro  for  ail  the  time,  except  in  correspondence 
of  very  sharp  current  variations  :  the  total  power  input 
is  transferred  from  the  électron  to  the  neutral  molé- 
cules 


and  the  leader  conductivity 


El  =  yV,  ''l  k{T^.  -  T„)  . 


(51) 


According  to  eqs.  (45)  and  (46),  the  électron  tempéra- 
ture, 


m„k  —  •  — 


(52) 


results  a  function  of  the  reduced  fîeld  Ejrif,  only. 
Similarly  the  ion  température  is  in  equilibrium  with 
the  local  field  Ejn^  and  can  be  calculated  with  simple 
formulas  as  eq.  (29).  This  means  that  in  the  leader 
channel,  inspite  of  the  power  input  fluctuations,  the 
conditions  for  quasi-equilibrium  électron  and  ion 
swarms  are  realized,  with  almost  steady-state  energy 
distribution  functions;  the  corresponding  tempéra- 
tures can  be  derived  directly  as  functions  of  the  reduced 
field  from  the  results  of  swarm  experiments. 

A  similar  reasoning  can  be  applied  to  eq.  (49)  :  the 
values  of  the  reduced  ionization  frequency  v,/«;, 
and  of  the  recombination  coefficient  are  functions 
of  the  reduced  field  Ejny,  only;  1/v,  and  l/a^  repre- 
sent  the  ionization  and  recombination  time  constants  : 
for  the  values  of  Ejn^,  and  appropriate  to  the  leader 
channel,  they  resuit  much  shorter  than  the  time  scale  of 
the  leader  development.  As  a  conséquence  the  électron 
and  positive  ion  equilibrium  densities,  corresponding 
to  the  balance  between  the  ionization  and  recombina- 
tion rates,  are  attained  in  a  very  short  time;  their 
évolution  in  the  leader  channel  may  be  assumed  to 
develop  by  successive  quasi-equilibrium  conditions, 

According  to  this  value  of  the  électron  density, 
eqs.  (45)  and  (46)  can  be  combined  in  the  form 


la^ 


(54) 


If  TV;,  is  assumed  to  be  practically  constant  (neglect- 
ing  the  small  variations  due  to  ionization  and  disso- 
ciation), eq.  (54)  represents  an  implicit  function  which 
correlates  the  reduced  field  to  the  leader  current  /  ; 
the  ratio  v^Jv^  and  are  in  fact  dépendent  on  Ejn^ 
only.  The  values  of  this  function  are  quite  insensitive 
to  the  initial  choise  for  A',,. 

The  values  of  £/«,,  as  functions  of  /  are  plotted  in 
figure  53,  for  currents  ranging  from  0.1  to  100  A. 
The  ionization  degree 


1 


(56) 


are  also  functions  of  the  reduced  field,  and  hence  of  the 
leader  current  only.  Their  values  are  reported  in 
figure  53,  together  with  the  average  électron  tempéra- 
ture r^„  derived  from  eq.  (52)  for  4,  T^.  From  this 
figure  it  can  be  seen  that  the  basic  electric  parameters 
of  the  leader  channel  (conductivity,  ionization  degree, 
reduced  field  and  électron  température)  are  related 
only  to  the  current  which  is  injected  into  the  channel 
by  the  leader  corona  région. 
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Fig.  53.  —  Quasi-equilibrium  characteristics  of  ihe  leader  channel 
as  functions  of  the  input  current  (A'^  =  2.5  x  10'^  cm"  '). 


It  is  interesting  to  note  in  figure  53  that  the  reduced 
field  E\ny,  and  the  électron  température  vary  only 
slightly  with  the  leader  current,  while  the  ionization 
degree  /  and  the  conductivity  a  are  almost  proportio- 
nal  to  the  current.  This  is  due  to  the  steep  variation 
of  the  ionization  frequency  with  the  reduced  field  :  in 
figure  54  a  block  diagram  of  eqs.  (54)  to  (56)  is  repre- 
sented  :  the  current  /  and  the  conductivity  a  déter- 
mine the  reduced  field  £/«;,  ;  this  in  tum  détermines  the 
ionization  degree  /  and  the  channel  conductivity  a. 
The  block  diagram  shows  a  typical  feedback  loop 
with  high  gain,  which  is  given  by  the  diflferential 
characteristics  of  the  feedback  transfer  function 
(  v,/a  J  ;  the  output  £/«;,  is  therefore  stabilized, 
independently  on  the  fluctuations  of  the  input  current. 
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Fig.  54.  —  Block  diagram  of  the  relations  between  leader  current, 
reduced  field  and  conductivity. 
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The  choice  of  thc  initial  conditions  lor  tlic  calcula- 
ons  presented  in  figures  (49)  to  (52)  bas  been  donc 
ccording  to  the  initial  current  value  and  to  the 
esults  of  figure  53.  The  initial  radius  has  been  derived 
rom  the  expérimental  results;  the  température  T,, 
as  been  assumed  according  to  the  discussion  on  the 
egative  ion  detachment,  taking  into  account  that 
round  the  tip  where  the  leader  section  is  firstly 
ormed  the  local  field  may  give  an  important  contribu- 
ion  to  the  ion  température,  so  that  the  gas  tempera- 
ure  may  be  lower  (see  §  5).  Then,  if  pressure  equili- 
)rium  is  assumed,  n,,  can  be  calculated  from  the  slate 
;quation  and  n„  n+  and  T,  can  be  derived  from  the 
esults  of  figure  53. 

4.8  Critical  breakdown  conditions.  —  Some 
;onsequence  of  practical  interest  can  be  derived  from 
the  presented  leader  model.  As  it  will  be  seen  in  the 
lext  section,  the  leader  channel  propagates  along  its 
path  with  an  almost  constant  velocity  i  i^  :  it  is  there- 
fore  possible  to  change  the  time  scale  into  a  length 
scale  X,  =  l^dt  -  ti),  and  calculate  the  field  distribu- 
tion along  the  leader  channel  ;  by  intégration  of  this 
distribution  the  leader  voltage  drop  can  be  derived 
at  any  time  after  its  inception.  In  figure  55  this  voltage 
drop  is  reported  for  the  expérimental  case  analyzed 
in  figures  49  to  52,  together  with  the  applied  voltage 
and  the  leader  tip  potential  :  it  can  be  seen  that  the 
latter  remains  approximalely  constant  during  the 
propagation. 
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Fig.  55.  —  The  applied  voltage  U^Ul  Ihe  voltage  drop  along  the 
leader  AU, il)  and  the  leader  lip  poicnlial  Ar,,,(/).  in  a  10  m  cone- 
plane  gap  subjected  to  a  500/10  000  us  voltage  wave. 


Due  to  the  small  radial  dimension  of  the  leader, 
the  field  distribution  in  the  région  near  its  tip  dépends 
mainly  on  the  tip  potential  (see  §  5).  The  leader  pro- 
pagation occurs  therefore  with  almost  constant  field 
in  front  of  it;  this  is  consistent  with  the  almost  cons- 
tant velocity  and  indicate  that  an  optimum  equili- 
brium  condition  is  realized  between  the  leader  advan- 
cement  and  the  voltage  rate  of  rise  in  terms  of  a 
constant  field  on  the  leader  tip.  The  time-decreasing 


leader  gradient  makes  possible  thaï  this  equilibrium 
condition  pcrsisls  during  llic  pi opaiialion  even  if  the 
voltage  rate  of  risc  docicascs  m  linic. 
If  i//  is  the  dislortion  cocHicicnl  ol  ihc  leader  path 
(see    5.7),  the  projected  length  on  thc  gap  axis  is  : 

_  ^  X,  ^  T;it  -h)  (57) 

In  a  gap  of  length  D  the  average  field  (Ê,J  in  the  part 
bridged  by  the  leader  and  in  the  unbridged  part 
{ËJ  are  respectively  : 

Ê,,  =  ^    and    £.  =  ^-  (58) 

The  computed  values  of  Ë^,,  and  for  a  10  m  rod- 
plane  gap  are  reported  in  figure  56  together  with  expé- 
rimental values_  derived  by  fluxmeter  measure- 
ments  [82]  :  the  E,  values  are  the  field  values  measured 
at  the  plane  and  they  are  therefore  underestimated,  the 
opposite  being  true  for  the  E^-,  values.  For  times 
longer  than  t,  the  average  potential  which  is  necessary 
to  elongate  the  leader  channel  by  a  unit  length  (£l,) 
is  lower  than  the  average  potential  which  is  available 
per  unit  length  on  the  unbridged  part  (£J  :  the  leader 
propagation  cannot  stop  anymore,  and  represents 
therefore  the  instant  when  the  décision  whether  to 
breakdown  or  not  is  taken.  The  computed  values  of  the 
injected  charge  and  of  the  axial  and  real  leader  length 
at  the  instant  are  consistent  with  the  expérimental 
critical  values  [93-95],  which  are  the  limit  values  of 
charge  and  length  above  which  breakdown  cannot 
more  be  arrested  [96]  ;  thèse  critical  values  are  reached 
long  before  the  final  jump  is  launched  {tj^  in  figure  56). 
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Fig  56  —  Average  gradients  in  the_  gap  portion  bridged  by  _the 
leader  (£,..),  in  the  unbridged  part  (£,)  and  in  the  whole  gap  (£«). 
The  points  are  expérimental  estimâtes  derived  from  fluxometer 
measurements. 


The  présent  results  indicate  that  the  breakdown 
occurs  if  the  leader  channel  is  not  arrested  (by  the 
random  fluctuations  of  its  propagation  mechanism) 
before  it  reaches  the  critical  condition  that  the  time 
decreasing  average  field  in  the  bridged  part 
becomes  smaller  than  the  average  gradient  in  the  gap 
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Ey.  This  criterion  may  justify  some  important  features 
of  the  breakdown  of  long  gaps,  such  as  the  decrease 
of  the  average  breakdown  gradient  as  the  électrode 
séparation  is  increased.  In  fact,  the  longer  is  the  gap 
length,  the  longer  is  the  time  during  which  the  leader 
may  propagate  under  optimum  conditions,  and  the 
lower  becomes  the  average  gradient  along  the  bridged 
part  of  the  gap. 

The  proposed  model,  and  the  time-decreasing 
characteristics  of  the  leader  gradient  which  dérives 
from  it,  may  also  explain  the  peculiar  dependence  of 
the  breakdown  voltage  on  the  time  to  crest  of  the 
applied  voltage  ;  it  has  been  experimentally  observed 
that  the  50  %  flashover  voltage  decreases  with  the 
time  to  crest  up  to  a  critical  value  and  then  it  increases 
again  (CZ-curve).  The  minimum  of  the  C/-curve  for  a 
10  m  gap  is  around  500  |is,  and  it  increases  with  the  gap 
length.  For  shorter  times  to  crest,  the  leader  develop- 
ment  occurs  on  a  faster  time  scale  and  the  average 
gradient  along  the  channel  do  not  have  the  time  to 
decrease  enough  up  to  the  final  jump  :  as  a  consé- 
quence the  average  breakdown  voltage  should  be 
higher  than  that  for  the  critical  time  to  crest.  For  longer 
fronts,  the  rate  of  voltage  rise  is  not  enough  to  balance 
the  increase  of  voltage  drop  along  the  channel  and  the 
leader  tip  potential  is  not  maintained  constant  during 
the  propagation,  but  it  decreases  in  time.  The  leader 
advancement  is  therefore  not  more  stable  (see  §5.6) 
and  the  development  becomes  discontinuons  ;  larger 
voltages  are  therefore  needed  to  start  the  discharge 
again  and  to  reach  complète  breakdown. 

5.  Leader  propagation.  —  5.1  Expérimental 
RESULTS.  —  In  the  streak  photographs  the  leader 
continuous  propagation  appears  as  the  advancement 
of  a  weakly  luminous  front,  which  follows  the  dis- 
placement of  the  bright,  diffuse  bundle  of  leader 
corona  streamers  (Fig.  51a).  As  the  leader  spectral 
émission  is  mainly  located  in  the  réd,  while  that  of 
the  streamers  is  almost  ail  in  the  violet  and  near 
ultraviolet  [31],  image  converter  pictures  taken  with 
red  filters  have  made  possible  to  eliminate  the  corona 
émission  (Fig.  51b)  :  the  leader  tip  appears  then  as 
a  sharply  defined  luminous  point  advancing  into  the 
gap  with  roughly  uniform  speed,  leaving  behind  a 


channel  of  much  weaker  luminosity.  The  structure 
of  this  channel  is  put  in  évidence  by  frame  pictures, 
with  red  filter  (Fig.  57c)  :  it  looks  as  a  tortuous  thin 
channel,  which  follows  the  tip  propagating  with  a 
sort  of  succession  of  random  small  steps  ;  the  root 
of  the  corona  région  shows  an  intensification  of  the 
red  émission  in  a  small  conical  zone  converging  to 
the  leader  head.  The  luminous  striations  which 
appear  on  the  channel  in  the  streak  photos  do  not 
correspond  to  différences  of  light  émission,  but  only 
to  horizontal  bends  of  the  tortuous  path. 

The  leader  propagation  has  been  resolved  in  the 
détails  of  its  three  dimensional  time-evolution  with 
a  computer-aided  analysis  of  streak  and  static  photos, 
taken  from  two  perpendicular  directions  [1,  93,  94]. 
The  axial  component  of  the  velocity  v^.  shows  rela- 
tively  large  fluctuations  around  its  mean  value  :  on 
the  contrary  the  effective  velocity  présents  a  very 
small  dispersion  (Fig.  58).  Therefore  the  fluctuations 
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Fig.  58.  —  Axial  and  real  leader  velocity  and  respectively) 
as  functions  of  the  overvoltage  ratio  UJU^^  (4  to  10  m  hemisphere- 
plane  gap,  R  =  30  cm;  .^20/10  000  ps  wave). 


of  the  leader  axial  development  towards  the  ground 
électrode  dépend  essentially  on  the  randomness  of 
its  path.  At  constant  overvoltage  ratio  UJU^q,  the 
velocity     dépends  on  both  the  time  to  crest  of  the 


Fig.  57.  —  Image  converter  photographs  of  the  leader  advancement  :  streak  pictures,  {a)  with  quarz  lens  for  total  visible  light;  {h)  with 
red  filter.  À  >  4  000  Â  ;  (<  )  frame  picture,  2  |.is  exposure,  with  red  filter  (10  m  cone-plane  gap.  500/10  000  us  wave). 
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ig  59.  _  The  real  leader  veloeity  i as  a  funclion  of  the  time  to 
est  T.  of  the  voltage  wave,  for  différent  values  of  air  humidity. 


pplied  voltage  and  the  absolute  air  humidity  (Fig.  59). 
"he  front  of  the  leader  corona  propagates  also  with 
pproximately  constant  velocity  (Fig.  57a)  :  it  is 
oughly  between  1.5  and  2  times  the  leader  advance- 
lent  velocity,  and  increases  rapidly  as  the  corona 
ront  approaches  the  plane.  The  current  measured 
luring  the  propagation  is  proportional  to  the  advan- 
ement  velocity  [2,  94]  (Fig.  60).  The  proportiona- 
ity  constant  (7^,  =  qv^)  represents  physically  the 
harge  necessary  for  a  unit  length  advancement  of 
he  leader  tip  :  it  can  be  measured  directly  from 
:urrent  and  velocity,  or  indirectly  as  the  ratio  of  the 
otal  charge  injected  into  the  gap  during  leader 
progression  to  its  length  (Fig.  61)  :  it  can  vary  from  20 
o  50  |iC/m  depending  on  time  to  crest  and  absolute 
lumidity. 


gap  500/10  000  |is  v, 


Gallimberti  and  Rea  [55]  have  shown  that  the 
leader  coronas,  which  guide  the  leader  propagation, 
have  a  much  fainter  and  diffuse  structure  (Fig.  62) 
than  the  first  one,  which  présents  broad  and  more 
branched  filaments.  This  may  be  probably  associated 


LL(m) 

Fig.  61.  —  The  total  measured  charge  Q  ds  d  function  of  the  real 
leader  length,  for  différent  times  to  crest  of  the  applied  voltage 
(10  m  cone-plane  gap). 


Fig.  62.  —  Static  pictu 
gap,  0.9/25  |is  wave). 


of  the  leader  corona  (1.5m  rod-plane 


to  the  significant  différences  of  électron  énergies  and 
local  fields  (Fig.  63),  which  have  been  observed  in 
the  corona  active  région  by  spectroscopic  measure- 
ments  [31].  When  the  first  corona  occurs,  the  field 
distribution  is  given  only  by  the  highly  divergent 
geometrical  component  ;  the  streamers  cannot  deve- 
lop  over  a  large  distance,  the  charge  multiplication 
is  limited,  and  hence  the  local  field  and  the  average 
électron  energy  in  the  active  région  are  relatively 
small;  later  on  in  the  discharge,  the  electric  field 
distribution  becomes  more  uniform  due  to  the  injec- 
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Fig.  63.  —  The  variation  of  the  électron  energy  in  the  active  front 
of  the  leader  corona,  during  the  discharge  development. 


tion  of  positive  space  charge  ;  and  the  charge  in  the 
streamer  tip  can  grow,  resulting  in  higher  electric 
fields  and  électron  énergies  in  the  active  région.  The 
higher  streamer  activity  in  this  phase  of  the  discharge 
leads  to  a  longer  extension  of  the  leader  corona 
streamers  and  a  higher  leader  advancement  velocity 
(Fig.  64a,  b).  An  interesting  feature  of  this  figure  is 
that  both  curves  drop  to  zéro  when  the  electric  field 
strength  reduces  to  26  kV/cm  (ë  =  3.2  eV),  which  is 
known  to  be  the  minimum  field  in  which  ionization 
phenomena  can  occur.  The  leader  propagation  can 
be  therefore  characterized  by  the  mean  électron 
energy  and  electric  field  in  the  active  région  of  the 
corona  at  its  head,  which  are  in  tum  largely  determined 
by  the  leader  tip  potential,  and  hence  by  the  gênerai 
leader  characteristics  discussed  in  the  preceding 
paragraph. 

E(kv/cm)  E(kV/cm) 
48  100         146      ,  ^  48  100  146 


'  1 

26 

5  

.y 


£(ev)  s  M 

Fig.  64.  —  The  extension  of  the  leader  corona  and  the  leader 
advancement  velocity  r^,  as  functions  of  the  average  électron 
energy  e  in  the  active  front. 


5.2  The  leader  streamer  System.  —  Marode  [21, 
22]  has  shown  that  the  streamer  filament  in  short 
gaps,  after  the  tip  has  crossed  the  whole  gap  and  the 
résistive  phase  is  established,  assumes  characteristics 
very  similar  to  the  positive  column  of  a  high  pres- 
sure glow  :  the  formation  of  a  high  field  cathode 
région,  where  ions  are  accelerate  to  bombard  the 


métal  plane,  and  where  the  extracted  électrons  are 
multiplied  by  collisional  ionization,  assures  the  sup- 
ply  of  electronic  current  to  the  filament.  Such  a  simi- 
larity  can  be  extended  to  the  leader  corona  in  long 
gaps  :  the  rôle  of  the  cathode  région  is  played  by  the 
advancing  front  of  the  streamer  active  régions,  where 
the  électrons  are  multiplied  by  the  avalanche  mecha- 
nism;  the  secondary  électron  production  is  assured 
not  by  ion  bombardment  but  by  photoionization  ; 
the  résistive  phase,  according  to  the  gap  dimensions, 
may  be  established  in  a  few  hundreds  of  nanoseconds, 
and  the  compensation  zone  (see  §  3.8)  do  not  extend 
more  than  a  couple  of  cm  behind  the  streamer  heads. 
The  rest  of  the  filaments  converging  to  the  leader 
tip  may  be  assimilated  to  a  diffuse  high  pressure 
glow,  where  the  électrons  produced  in  the  active 
région  are  drained  towards  the  anode. 

In  this  picture  the  leader  head  may  be  assumed  as 
a  local  electrical  and  thermal  perturbation  which 
causes  the  transition  from  a  diffuse  glow  to  a  fila- 
mentary  arc  (see  the  luminous  conical  zone  in 
figure  57c)  ;  such  instabilities  in  high  pressure  glow 
discharges  have  been  experimentally  observed  [97, 99]  : 
they  présent  propagation  velocities  of  the  same  order 
of  those  of  the  leader  channel.  Simplified  computer 
simulations  [58-62]  have  indicated  that  the  instability 
may  be  caused  by  a  local  field  intensification  which 
concentrate  in  a  small  région  a  larger  density  of 
power  input  :  the  subséquent  température  rise  and 
gas  expansion  lead  to  an  increase  of  the  reduced 
field  E/n^  and  of  the  local  conductivity  ;  the  current 
is  therefore  constricted  over  a  smaller  section  with 
a  further  concentration  of  the  power  density.  In  the 
présent  case,  according  to  the  discussion  presented 
in  §  3 . 4,  the  rapid  rise  of  conductivity  may  be  assumed 
to  foUow  the  growth  of  the  négative  ion  température 
(which  causes  électron  detachment)  :  according  to 
eq.  (29)  the  latter  is  due  to  the  combined  eflfect  of 
the  increase  of  température  and  reduced  field. 

The  leader-streamer  system  may  be  therefore  repre- 
sented  as  a  moving  diffuse  glow,  where  a  transition 
to  filamentary  arc  is  in  course  :  the  pénétration  of 
the  leader  tip  potential  into  the  gap  sustains  the 
propagation  of  the  active  région  front,  which  in  turn 
supplies  the  current  necessary  for  the  glow  to  arc 
transition  to  be  maintained.  If  an  equilibrium  condi- 
tion in  this  interaction  is  reached,  the  leader-streamer 
System  can  propagate  with  stable  velocity. 

5 . 3  The  transition  région  :  current  and  fœld 
DISTRIBUTION.  —  In  order  to  simulate  theoretically 
the  leader  head  région,  the  mass,  momentum  and 
energy  conservation  équations  (similar  to  eqs.  (34)) 
have  to  be  written  for  ail  the  particle  species  :  in 
this  case  also  the  négative  ions  have  to  be  considered, 
together  with  électrons,  neutral  molécules  and  posi- 
tive ions.  The  Poisson's  équation  and  the  Ohm's 
law  have  to  be  added  to  complète  the  équation 
System.  The  aim  of  this  paragraph  is  not  to  solve 
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ich  a  complex  équation  system,  but  to  analy/e  the 
Dnditions  for  the  stable  advancement  of  the  transi- 
on  région,  through  a  simplified  condition  of  self- 
milarity. 

Let's  consider  a  référence  frame  having  a  constant 
elocity,  relative  to  the  laboratory  frame,  and  let's 
ssume  that  there  exists  a  steady  state  solution  of 
le  équation  system  (34),  which  represents  the 
iable  propagation  of  the  transition  région  in  the  form 
f  a  non-damped  wave.  Let's  consider  the  conser- 
ation  équations  for  the  charged  particles.  As  dis- 
.issed  in  the  preceding  paragraph,  because  of  the 
)w  ionization  degree  and  gas  température,  the 
nergy  équations  may  be  replaced  by  swarm  func- 
ons  relating  the  equilibrium  températures  to  the 
ïduced  field  [18]  ;  similarly  the  momentum  équations 
lay  be  replaced  by  simple  mobility  relations  [59,  66]. 
is  a  conséquence  the  complète  set  of  electrical  equa- 
ions  becomes 

V.[«,(F,  -  FJ]  -  \ 

V. [«_(?_  -  FJ]  =  «-  J 

V.[«  +  (F+  -  yj]  =  «+  f 

n.  +       -  n,  )  (59) 

V.E^-e-  

£o  \ 

^  =  Z  en^  F,  ] 

(5  =  / 

F.  =  . 

Due  to  the  characteristics  of  the  glow  to  arc  tran- 
;ition,  the  génération  terms  may  account  only  for 
Lhe  négative  ion  detachment,  neglecting  the  contri- 
butions of  ionization,  recombination  and  attachment. 

Let's  now  assume  that  the  négative  ion  detachment 
occurs  instantaneously  at  a  definite  critical  tempe- 
rature  ri.  As  a  conséquence  the  conductivity  tran- 
sition is  sharp  and  the  leader  profile  can  be  defined 
as  the  negative-ion  isothermal  surface  corresponding 
to  the  critical  température  FI  ;  it  séparâtes  two 
régions  of  very  différent  conductivities.  The  shape 
of  this  surface  will  be  defined  from  both  the  electrical 
and  thermodynamic  conditions  in  the  transition 
région  ;  according  to  Kekez  and  Sawic  [100,  101]' it 
may  be  assimilated  to  a  very  slender  paraboloid. 
In  fact  if  the  energy  input  at  the  leader  tip  is  assumed 
to  be  high  and  concentrated,  and  to  drop  to  much 
lower  values  in  the  high  conductivity  channel,  the 
profile  may  be  assimilated  to  the  boundary  of  a 
punctual  explosion  translated  with  a  velocity  F^^  [102, 
103], 

ro  =  /c/"^        =  -  F,/,  (60) 

where  the  constant  k  dépends  on  the  gas-dynamic 
parameters  and  the  rate  of  energy  input;  for  the 
présent  conditions  [78]  il  can  be  estimated  of  the 
order  of  10  '  cm  |as  The  corresponding  leader 
profile  is  the  paraboloid  sketched  in  figure  65fl, 
which  has  a  curvature  radius  p,  =  25  |jm  at  the  tip. 
If  the  différence  of  conductivity  across  this  surface 
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Fig.  65.  —  Schematic  représentation  of  the  leader  head  transition 
région;  (a)  field  and  current  lines;  (h)  lines  of  constant  power 
input. 

is  very  large,  near  the  tip  it  coincides  with  an  equi- 
potential  surface. 

Under  the  présent  assumptions  in  the  glow  région, 
outside  the  leader  surface,  the  génération  terms 
vanish  and  the  équation  system  (59)  represents  a 
steady  state  current  field  in  between  a  paraboloid 
électrode  and  a  distant  plane  ;  the  equipotential  and 
current  surfaces  are  two  sets  of  perpendicular  omo- 
focal  paraboloids  (Fig.  65a).  Let's  introduce  a  frame 
of  parabolic  coordinates  (</),  */), 

z  =  î(</''  -      ;    r^cpt],  (61) 

where  q)  =  constant  represent  the  equipotential  sur- 
faces and  y]  =  constant  the  equiflux  surfaces.  The 
coordinate  origin  in  both  frames  lies  in  the  focus  of 
the  paraboloid  set.  The  leader  profile  corresponds 
to  the  surface  cp^  =  p^-  The  potential,  field  and  cur- 
rent distributions  can  be  easily  derived  [104]  : 

^  ^         \g{<pU/2W  \ 


J  =  aE  ' 

where  f/„  is  the  leader  tip  potential  (see  §  4.8),  p,  the 
tip  curvature  radius  and  H  the  height  of  the  leader 
head  above  the  ground  plane.  From  eqs.  (62)  it 
appears  that  the  potential,  field  and  current  distri- 
butions are  only  slightly  afïected  by  the  distance  H, 
if  U ,j  and  p,  remain  approximately  constant.  Both 
field  and  current  density  increasc  from  the  outer 
glow  to  the  leader  surface,  so  that  the  spécifie  power 
input  EJ  is  concentrated  near  tip  along  the  leader 
axis  :  figure  bSh  shows  the  lines  of  constant  spécifie 
power  input  [100,  101]. 
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5.4  The  transition  région  :  thermodynamic 
CHARACTERiSTics.  —  If  the  neutral  molécules  are 
considered,  the  energy  conservation  équation  has  to 
be  splitted  into  the  balance  between  the  différent 
réservoirs  of  internai  energy.  However,  due  to  the 
relatively  low  ionization  degree  and  gas  température, 


the  contribution  of  the  chemical  réservoir  can  be 
neglected.  According  to  the  discussion  of  §  4,  the 
conservation  eq.  (34)  may  be  written,  with  respect 
to  the  référence  frame  moving  with  constant  velo- 
city  r^,  in  the  form, 


V .  [«,  c*  T,{v,  -  FJ]  =  (/„  +  .Q  EJ  + 

w,iT,)  -  wAT) 

p  =  kTf, 


(63) 


where  the  partial  spécifie  beat  at  constant  pres- 
sure c*  has  been  used  at  the  place  of  cf,,  in  order  to 
account  for  the  total  enthalpy  variation  of  the  ther- 
mal réservoir.  In  thèse  équations  the  leader  wave 
velocity  is  much  larger  than  any  possible  value  of 
the  molécule  displacement  speed  (r^^  =  20  000  m/s). 
As  a  conséquence,  during  the  transit  of  the  leader 
head  across  the  transition  région,  the  gas  molécules 
may  be  assumed  practically  still  ;  the  température 
grows  under  practically  constant  volume  and  the 
pressure  is  locally  raised  ;  only  after  the  transit  of  the 
leader  head  the  expansion  process  can  take  place, 
with  a  rate  which  should  be  similar  to  a  low  energy 
punctual  explosion,  leading  to  the  parabolic  profile 
of  the  leader  head  (§  5 . 3). 

From  the  mass  and  momentum  eqs.  (63),  approxi- 
mate  expressions  can  be  derived  for  the  pressure 
and  the  radial  component  of  the  expansion  velo- 
city [105].  If  the  two  energy  équations  are  considered 
and  the  neutral  velocity  is  neglected  with  respect  to 
the  wave  velocity,  their  intégration  can  be  carried  on 
along  the  gap  axis,  from  a  point  where  the  spécifie 
power  input  is  negligible  and  the  gas  température 
300  K,  to  the  leader  surface  (z  =  pJ2).  Let's  consider 
the  last  term  in  thèse  two  équations  :  its  intégral 
may  be  expressed  in  the  form. 


-  ^ÂT)  àz 


(64) 


where  h',,  represents  the  value  of  the  vibrational 
energy  per  unit  volume  at  the  leader  surface  and 
<  z,/d^.t„,  >  is  a  mean  value  weighted  on  the  flux  of 
energy  from  the  vibrational  to  the  thermal  réservoir. 
It  represents  the  fraction  of  the  vibrational  energy 
Wj,  which  is  relaxed  into  thermal  in  the  transition 
région  :  in  this  sensé,  itmay  be  represented  as  <  ''■  Jx,,,  >, 
where  is  the  équivalent  transit  time  for  the  leader 
to  cross  the  transition  région.  The  rest  of  the  vibra- 


tional energy  is  relaxed  later  in  the  leader  channel. 
The  two  energy  eqs.  of  (63)  can  be  integrated  in  the 
form 


f-"'  dz 

'e)\  JE-- 


(65) 


where  AT^  is  the  température  increase  across  the 
transition  région. 

5 . 5  The  leader  propagation.  —  If  it  is  assumed 
that  Ar^  should  be  high  enough  to  produce  detach- 
ment  of  the  négative  ions,  the  leader  velocity  can  be 
calculated  from  eqs.  (65), 


■['■ 


+  fe  +L 


+  <t,/T,  >J 


JE  dz  .  (66) 


It  represents  the  frame  velocity  which  is  consistent 
with  the  self-similarity  of  the  wave  during  its  pro- 
pagation. In  eq.  (66)  the  intégral  of  the  spécifie 
power  should  be  calculated  along  the  axis  of  the 
glow  région  :  J  and  E  represent  therefore  the  maxi- 
mum values  JJ,t]  =  0)  and  E^{f]  =  0)  of  their  distri- 
butions on  the  equipotential  surfaces.  With  référence 
to  the  parabolic  coordinates  (61),  the  total  current  4 
can  be  calculated  by  intégration  of  J{tj)  along  any 
equipotential  surface  up  to  the  boundary  of  the 
corona  glow  {>]  =  rj^). 


Jo  lg[VW2 


(67) 
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Accoiding  to  eqs.  (62)  il  rosiilts  : 


2  //,-,  7r(/5 

whcie  the  denominator  of  the  second  member  repre- 
sents  the  normalized  section  of  the  corona  glow  (62) 
at  the  coordinate  (p.  By  use  of  eq.  (68)  the  intégral 
of  the  spécifie  power  across  the  transition  région  can 
be  calcLilated, 

J,/^"^'  '  Ig  [A/2  H]  n',illpl  4=]]- 

(69) 

According  to  the  définition  of  the  boundary  Zi  of 
the  transition  région,  it  appears  that  any  value  z  i  >  p„ 
do  not  influence  the  value  of  the  power  intégral  (69). 
From  eqs.  (66)  and  (69)  it  can  be  seen  that  the  leader 
velocity  is  proportional  to  the  total  current 

r.-^lL  (70) 
the  proportionality  factor  q  being  expressed  by 


values  of  <  t,Jt,„  >,  have  becn  calculatcd  for  a  10  m 
gap  undcr  the  conditions  of  the  Les  Renardières 
cxperiments  [1,  93,  94],  with  the  average  leader  tip 
potentials  computed  in  §  4.8.  The  theoretical  values 
of  q  for  différent  humidities  and  voltage  waveshapes, 
are  compared  in  figure  66  with  the  expérimental 
results.  The  critical  température  which  gives  the  best 
agreement  with  the  expérimental  results  is  between 
1  000  and  1  500  K,  slightly  lower  than  the  values 
which  have  been  used  in  §  3.6.  This  indicates  that  the 
field  in  the  transition  région  is  high  enough  to  heat 
the  négative  ions  to  an  effective  température  which 
is  higher  than  the  gas  température.  The  value  of 
1  000  K  has  been  used  as  initial  condition  for  the 
leader  channel  in  the  model  of  §  4.6. 


^''"^n'>llp'.-\è[./pJ^']-  (71) 


It  represents  the  average  charge  which  is  necessary 
for  a  unit  length  advancement  of  the  leader  channel. 
The  results  of  eqs.  (70)  and  (71)  show  some  inte- 
resting  features  of  the  présent  model  for  the  leader 
advancement.  Eq.  (71)  states  that  the  leader  velocity 
cannot  be  calculated  just  on  the  basis  of  the  condi- 
tions in  the  transition  région,  but  it  dépends  essen- 
tially  on  the  ionization  activity  in  the  leader  corona 
front,  which  injects  the  current  //^  into  the  glow 
région.  The  velocity  results  proportional  to  the 
current,  in  good  agreement  with  the  expérimental 
observations  (Fig.  60). 

The  charge  per  unit  length  (eq.  (71))  remains 
constant  during  the  propagation,  if  the  transition 
région  remains  self-similar  :  this  implies  only  that 
the  potential  of  the  leader  tip  (and  hence  the  field 
distribution  in  the  transition  région)  is  about  constant 
during  the  propagation  ;  the  expérimental  results 
and  the  theoretical  calculations  reported  in  §  4  have 
given  strong  indications  for  such  constancy  of  the 
tip  potential.  Eq.  (71)  predicts  that  the  charge  per 
unit  length  dépends  essentially  on  humidity  and  on 
the  applied  voltage,  because  t,,,  is  a  function  of  the 
water  vapour  content,  and  the  leader  tip  potential, 
the  leader  velocity  and  t,  dépend  on  the  voltage 
wave.  The  distance  H  of  the  leader  from  the  plane 
effects  only  slightly  the  values  of  q. 

For  the  configuration  reported  in  figure  65  the 
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Fig.  66.  —  Comparison  between  computed  and  expérimental  values 
of  the  charge  q  per  unit  leader  length,  for  différent  wavefront 
durations  and  humidities. 


/ 


The  good  agreement  between  theoretical  and  expé- 
rimental results  indicates  that  the  leader  propagation 
is  essentially  governed  by  the  energy  exchanges 
which  occur  at  the  rooth  of  the  corona  glow  :  the 
charge  which  is  necessary  to  form  a  unit  length  of 
leader  channel  is  mainly  determined  by  the  fraction 
of  vibrational  energy  which  can  be  relaxed  in  the 
transition  région  during  the  leader  transit  time 

«  T/./T,,,  »  . 

Both,  the  increase  of  humidity  and  front  duration, 
enhance  this  fraction,  by  decreasing  t,,,  and  increasing 
T;^  respectively. 

5.6  Thi:  ADVANC  FMnNT  of  the  I.EADRR-STREAMriR 

SYSTEM.  The  propagation  mechanism  of  the  leader- 
streamer  system  can  be  illustrated  with  the  phenome- 
nological  block  diagram  presented  in  figure  67.  The 
field  E,  in  the  active  front  of  the  leader  corona  deter- 
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Fig.  67.  —  Block  diagram  ol  the  relations  between  the  parameters  involved  in  the  streamer-leader  advancement. 


mines  the  streamer  activity,  and  hence  the  current  /^^ 
flowing  into  the  glow  région  and  the  velocity  i\  of 
advancement  of  the  corona  front.  According  to 
eq.  (70)  the  leader  velocity  dépends  on  the  charge 
per  unit  length  and  is  proportional  to  the  current  4. 
Therefore  the  field  détermines  indirectly  also  the 
leader  advancement  velocity  i/,.  The  positions  z^^ 
and  z,  of  the  leader  tip  and  of  the  streamer  front 
(and  the  length  of  the  glow  région  Ar)  come  obviously 
from  the  intégration  of  the  respective  velocities.  The 
leader  length  and  the  charge  per  unit  length  q, 
détermine  the  voltage  drop  AC/^  along  the  leader 
channel  and,  together  with  the  applied  voltage  Uo{t), 
the  potential  of  the  leader  tip  U^.  This  potential  is 
the  main  parameter  which  influences  the  field  at 
the  distance  Az. 

The  block  diagram  appears  to  be  formed  by  a 
number  of  loops,  where  the  only  external  input  may 
be  considered  the  applied  voltage  Ug{t).  For  any 
voltage  waveshape,  there  should  be  an  equilibrium 
set  of  values  for  ail  the  parameters  (depending 
obviously  on  time),  which  corresponds  to  the  stable 
propagation.  Any  statistical  fluctuation  or  external 
perturbation  will  generate  oscillations  in  the  différent 
loops  (see  Fig.  60),  however,  the  propagation  appears 
to  be  essentially  stable  because  the  feedback  reac- 
tions have  in  gênerai  the  eff"ect  to  reconduct  the 
dilïerent  parameters  to  their  equilibrium  values.  In 
some  cases  the  non-linearity  of  the  difi"erent  block 
functions  may  cause  large  oscillations  and  insta- 
bilities  (see  next  chapter). 

Almost  ail  the  parameters  and  the  functions  reported 
in  the  block  diagram  have  been  theoretically  esti- 
mated  in  §§  4  and  5.  The  point  which  is  not  yet  solved 
is  the  simulation  of  the  leader  corona  advancement,  i.e. 
the  relationship  between  the  field  E,  and  the  current 
and  velocity  of  the  streamer  front.  The  main  diffi- 
culty  is  the  estimation  of  the  space  charge  distri- 
bution in  the  gap,  which  defines  the  local  field  and 
the  characteristics  of  the  charge  multiplication  in 
the  active  front.  For  simplified  models  and  for  prac- 
tical  purposes,  the  expérimental  corrélation  between 


the  field  in  the  active  région  and  the  leader  velocity 
or  the  corona  length  (Fig.  64)  may  be  the  base  of  a 
semi-empirical  approach. 

A  diff~erent  approach  may  be  based  on  the  estima- 
tion of  the  field  E'^  produced  in  the  active  région  by 
the  leader  tip  potential,  neglecting  any  eff"ect  of  the 
corona  space  charge.  Such  field  acts  on  the  streamer 
propagation  like  the  applied  geometrkal  field,  which 
supplies  energy  from  the  external  circuit.  As  dis- 
cussed  in  §  2.4,  a  minimum  value  of  E^^  is  necessary 
to  enable  an  energetically  stable  propagation  of  the 
corona  streamers.  There  seems  to  be  some  expéri- 
mental évidence  that  the  field  is  maintained  around 
4  kV/cm  during  the  continuons  leader  propagation, 
in  good  agreement  with  the  stability  fields  measured 
by  Griffiths  and  Phelps  [41,  43].  However,  further 
accurate  investigations  are  needed,  before  the  pheno- 
menological  model  of  figure  67  could  be  quantita- 
tively  completed. 

5.7  Statistical  characteristics  of  leader  pro- 
pagation. —  Baldo  et  al.  [2]  have  analyzed  in  détail 
the  breakdown  statistics  in  long  gaps  (breakdown 
probabilities  and  time  to  breakdown  distributions) 
and  have  shown  that  it  dépends  essentially  on  the 
statistical  fluctuations  of  the  leader  propagation  : 
the  statistics  of  the  corona  and  leader  inception, 
which  have  been  discussed  respectively  in  §§  1  and  2, 
pay  only  a  minor  rôle. 

As  a  conséquence,  any  non-deterministic  model  of 
the  breakdown  should  account  not  only  for  the 
physical  phenomena  which  support  the  leader  pro- 
pagation, but  also  for  the  statistical  random  fluc- 
tuations of  its  development.  As  experimentally 
observed  (Fig.  58),  the  fluctuations  of  the  axial 
velocity  t'^.  are  due  to  the  randomness  of  the  leader 
path  :  therefore,  the  statistics  of  its  development 
time  /f.  (from  the  positive  électrode  up  to  the  point 
where  the  final  jump  is  launched)  dépends  directly 
on  the  fluctuations  of  its  geometrical  pattern.  The 
expérimental  histograms  of  are  reported  in 
figure  68,  for  a  7  m  gap  with  three  difi'erent  peak 
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Fig.  68.  —  The  probability  dislribulion  ol'  Ihe  leader  propagation 
time  =  '/-'()  ■  for  différent  peak  values  of  the  applied  voltage 
(7  m  hemisphere-plane  gap,  R  =  30  cm,  320/10  000  wave). 


D  -  hj 


(75) 

possesses  the  limit  distribution  for  oo,  with 

mean  £[t]  =  qlp  ;  /,.„  represents  the  minimum  time 
required  to  cross  the  distance  Z)  -  //y  on  a  straight 
line  with  a  velocity  r,,.  The  values  of  the  probabilities  q 
and  p  have  been  derived  from  the  expérimental 
averages  of  figure  68,  while  f,.„  has  been  calculated 
from  eq.  (75);  in  ail  three  cases/?  =  0.74  and  ^  =  0.36; 
the  computed  curves  are  reported  in  figure  68  with 
dashed  Unes. 

The  proposed  model  appears  quite  satisfactory, 
particularly  because  it  dépends  on  a  single  parameter, 
which  is  not  influenced  by  the  applied  voltage.  How- 
ever,  the  p  value  used  in  the  calculations  is  an  average 
value  over  the  complète  leader  path  :  actually  it  has 
been  expcrimcnlalK  obscrxcd  thaï  the  diilcrential 
tortuosity  coefficient 


values  of  the  applied  voltage.  In  order  to  build  up 
a  simple  geometrical  model  of  the  leader  path,  let's 
assume  that  the  latter  is  composed  by  a  number  N 
of  elementary  steps  of  amplitude  dx  ;  when  N  tends 
to  infinité  dx  is  reduced  to  zéro.  Let's  than  assume 
that  the  single  steps  may  be  either  vertical  or  horizon- 
tal, with  elementary  probabilities  p  and  ^  =  (1  -  p). 
The  minimum  number  ^Vq  of  steps  necessary  to  reach 
the  point  of  final  jump  will  be  given  by  a  succession 
of  identical  vertical  steps. 


vhich  has  mean  and  variance 


E\K\  =  ; 


p^  P 


(76) 


varies  with  the  leader  length  [2,  106],  being  higher 
for  the  initial  part  of  the  leader  path,  and  dropping 
practically  to  1  during  the  final  jump  (Fig.  69).  The 
expérimental  results  have  been  analyzed  on  the 
basis  of  the  présent  model,  and  the  p  values  together 
with  the  corresponding  probability  distributions  of 
have  been  derived,  for  diff'erent  axial  lengths  z 
(Figs.  69  and  70). 


f 
p 

(72) 


The  probability  distribution  of  the  excess  trials 
K  =  N  -  No  required  to  get  exactly  successes 
is  the  Négative  Binomial  distribution 


(74) 


As  a  conséquence  the  normalized  leader  propagation 
time 


L,  (m) 

Pig  _  The  probability  of  a  vertical  leader  step  and  the  mean 
value  of  the  distortion  coefficient  ij/  as  functions  of  the  axial  leader 
length. 

A  différent  approach  has  been  proposed  by  Hutz- 
1er  [106,  107]  to  simulate  the  probabilistic  structure 
of  the  leader  path  :  an  arbitrary  probability  distri- 
bution has  been  assigned  for  the  angular  deflection  0 
with  respect  to  the  vertical  direction  and  the  leader 
path  is  build  up  step  by  step  with  a  Monte  Carlo 
procédure.  The  présent  model  makes  possible  to 
dérive  the  0  probability  distributions,  without  any 
arbitrary  assumption  :  in  fact  it  results 

^  =  ^  =  (cos  tl)  ' 
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Fig.  70.  —  The  probability  density  of  the  distortion  coefficient  i/* 
as  a  function  of  the  axial  leader  length. 


and 

fm  =  y^[(cos(;)-']^^.  (77) 
cos  0 

The  angular  probability  distributions  are  reported 
in  figure  71,  for  différent  axial  lengths,  including 
also  the  final  jump  (f.j.).  The  expérimental  average 
values  of  the  angle  0  are  around  45°  for  r  =  2.5  m 
and  decrease  to  30°  for  r  =  6  m  [93,  94],  in  good 
agreement  the  results  of  figure  71.  A  Monte  Carlo 
procédure  based  on  any  of  the  distributions  [P{K\ 

or /e)  makes  possible  to  build  up  différent  examples 


6.0 


1?  (deg) 


Fig.  71.  —  The  probability  density  Ji,  of  the  leader  angular  deflec- 
tion  0  from  the  vertical  direction,  at  différent  values  of  the  axial 
leader  length  (f.j.  indicates  the  distribution  during  the  final  jump). 


of  leader  path.  In  figure  72  some  computed  bidi- 
mensional  projections  are  compared  with  the  photo 
of  some  expérimental  discharges. 


Fig.  72.  —  Comparison  between  the  expérimental  and  computed 
geometrical  random  path  of  the  leader  channel. 


6.  Restrikes.  —  6.1  Expérimental  results.  — 
The  leader  propagation,  which  has  been  discussed  in 
the  preceding  chapter,  occurs  under  a  sort  of  equi- 
librium  conditions  between  leader  and  corona  advan- 
cement,  which  produces  an  almost  constant  current 
and  propagation  velocity.  Under  particular  condi- 
tions (long  front  durations  or  high  humidity)  discon- 
tinuity  can  appear  in  the  leader  development,  which 
can  cause  rapid  elongations  (some  tens  of  cm  in  a 
few  microseconds)  and  are  associated  to  large  current 
puises  and  sharp  channel  reilluminations  (Fig.  73). 
In  most  cases  at  the  tip  of  the  leader  channel  in  cor- 


Fig.  73.  —  Streak  photograph  of  a  discharge  with  high  atmo- 
spheric  humidity  showing  a  number  of  channel  reilluminations 
(10  m  cone-plane  gap,  500  10  000  |is  wave,  /;  =  12.5  gr/m'). 
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■espondence  to  a  reillumination  a  large  and  broad 
:orona  appears,  very  similar  to  the  first  one. 

Such  discontinuities  are  called  restrikes  :  the  dif- 
férence between  thèse  two  propagation  condition 
continuons  uniform  growth  and  step-wise  advan- 
;ement)  can  be  clearly  observed  under  identical 
expérimental  conditions,  if  humidity  changes.  In 
figure  74  the  real  leader  length  along  its  three-dimen- 
sional  path  is  reported  as  function  of  the  time  of 
leader  propagation  t^,  for  two  séries  of  shots  with 
différent  air  humidities.  Restrikes  are  not  observed 
for  humidities  lower  than  about  10  gr/m^  :  above 
this  threshold,  the  total  average  leader  velocity  is 
largely  increased  by  the  présence  of  step  elongations, 
while  the  continuous  velocity  in  between  restrikes 
increases  only  slightly  (Fig.  75). 


h(g/m3) 

Fig,  75.  —  Variation  of  leader  velocity  with  humidity  ;  v,,  is  the 
total  average  velocity,  i,,,  the  continuous  propagation  velocity  in 
between  restrikes.  (8  m  cone-plane  gap,  390/10  000  ^s  wave.) 

The  statistical  analysis  of  the  time  intervais  between 
successive  restrikes  A/,  has  suggested  that  they 
behave  according  to  a  regular  statistical  function, 
which  dépends  on  humidity  [108].  The  Poisson's 
distribution  appears  to  be  well  appropriate, 

f,iM,)  =     A?,  exp(  -  /  A/,)  ,  (78) 

and  with  a  best-fit  procédure  the  restrike  frequency  k 
has  been  derived  as  a  function  of  séquence  number 
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Fig.  76.  —  Frequency  of  restrikes  as  a  function  of  the  séquence 
number  for  différent  humidities  :  (a)  h  =  10.2  gr/m\ 
(b)  h  =  14.8  gr/m',  {c)  h  =  16.8  gr/m-^  (8  m  cone-plane  gap, 
390/10  000  las  wave). 

and  humidity  (Fig.  76).  For  the  first  restrike  the 
frequency  is  the  smallest  and  increases  with  humidity. 
On  this  basis  the  probability  of  appearance  of  at 
least  one  restrike  during  a  single  voltage  application 
has  been  derived  (Fig.  77)  :  it  becomes  very  small 
for  humidities  lower  than  9-10  gr/m\  which  explains 
the  absence  of  reilluminations  under  dry  atmo- 
spheric  conditions. 


h  (g/m^  ) 


Fig.  77.  —  Probability  of  appearance  of  at  least  one  restrike  in  a 
single  shot  as  a  function  of  humidity  (8  m  conc-planc  gap, 
390/10  000  us  wave). 
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In  order  to  understand  the  physical  phenomena 
which  launch  the  restrikes,  the  relationship  between 
the  continuous  propagation  current  and  the  peak 
current  during  the  reilluminations  has  been  ana- 
lysed  [8].  If  /(,  and  Ip  are  measured  immediately 
before  and  during  the  restrike,  their  corrélation 
curve  (Fig.  78)  do  not  dépend  on  humidity  ;  but  the 
lower  values  of  (and  correspondingly  the  higher 
values  of  Ip)  are  more  fréquent  when  humidity  is 
high.  This  suggests  that  air  humidity  has  some 
action  enhancing  the  current  oscillations  and  the 
instabilities  in  the  leader  advancement  mechanism. 


oh=5g/m3 
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Let's  consider  the  block  diagram  of  the  streamer- 
leader  System  shown  in  figure  67  :  the  stable  propa- 
gation corresponds  to  the  equilibrium  values  imposed 
by  the  applied  voltage  t/o(0,  which  represent  the 
only  external  input  to  the  System.  Oscillations  in  the 
différent  loops  may  be  induced  by  statistical  fluctua- 
tions or  external  disturbances.  With  increasing  humi- 
dity, the  streamer  activity  is  reduced  and  its  stability 
field  is  increased  (see  §  2.8)  :  as  a  conséquence  the 
velocity  of  the  streamer  front  i\  is  reduced,  together 
with  the  current  injected  from  the  corona  glow  into 
the  leader  channel  7^.  On  the  contrary  the  leader 
velocity  and  the  voltage  drop  increase  because 
of  the  decrease  of  the  charge  per  unit  length  q  (see 
Fig.  66  and  réf.  [95]).  Depending  on  the  way  in  which 
the  latter  changes  combine  finally  on  the  field  in 
the  corona  front,  oscillations  may  be  generated 
either  in  or  t's,  through  the  feedback  loops.  The 
smaller  becomes  the  current  /^^  (which  corresponds 
to  7^)  the  larger  will  be  the  system  reaction  and  the 
ratio  7p/7^.  According  to  this  model,  humidity  does 
non  affect  the  mechanism  and  hence  the  relationship 
between  7p  and  7^.  By  reducing  the  streamer  activity. 


Fig.  79.  —  Current  and  ligth  puises  propagaling  along  the  leader 
channel  during  the  restrikes  (4  m  rod-plane,  200/2  000  (js  wave). 


it  produces  lower  values  of  7^  and  hence  larger  values 
of  7p.  At  high  humidity,  such  low  values  of  7^  may 
be  reached,  that  equilibrium  is  no  longer  possible 
with  the  external  input  C/o(0-  The  streamer  activity 
is  stopped  and  the  leader  décélérâtes.  A  sharp  insta- 
bility  might  then  occur,  producing  a  new  large  leader 
corona  and  a  sudden  elongation  of  both  and  x^. 
Such  an  instability  may  explain  the  occurrence  of 
strong  reilluminations  at  high  humidity. 

The  light  and  current  puises,  associated  with  reil- 
luminations, have  been  resolved  in  time  [109,  110]. 
As  represented  in  figure  79  two  types  of  light  and 
current  puises  have  been  generally  recorded.  Great 
similarities  can  be  noted  between  light  output  and 
current.  The  hell  shaped  puise  in  figure  19b  cor- 
responds usually  to  a  corona  occurring  at  the  leader 
tip,  whereas  the  puise  shown  in  figure  19a,  with 
shorter  duration  and  steep  rise,  was  always  observed 
in  the  case  of  very  long  time  to  crest  or  during  periodic 
corona  occurring  after  the  leader  elongation  had 
stopped.  Additional  measurements  have  been  per- 
formed  in  order  to  résolve  the  direction  and  the 
velocity  of  propagation  of  the  light  puise  along  the 
leader  channel  during  a  reillumination.  In  the  case 
of  the  short  risetime  puise  (a),  where  high  précision 
of  the  oscillogram  interprétation  could  be  achieved, 
the  phenomenon  is  seen  to  propagate  from  the 
électrode  tip  with  a  velocity  of  the  order  of 
10^  cm/s  [110].  In  figure  80  the  advancement  curve 
of  the  luminous  wave  is  reported,  together  with  the 
atténuation  of  the  light  puise  amplitude  during  the 
propagation.  In  the  case  of  the  hell  shaped  puises  (/?), 
the  measurements  of  the  propagation  velocity  were 
not  possible  becquse  of  the  poor  définition  of  the 
puise  front  ;  in  figure  79,  the  relatively  slow  variations 
of  light  seem  to  occur  practically  at  the  same  time 
along  the  whole  channel,  foUowing  the  current 
variation.  The  contemporary  measurement  of  the 
electric  field  on  both  électrodes  indicate  that  almost 
ail  the  charge  associated  to  this  kind  of  restrike  is 
located  near  the  leader  tip  and  is  related  to  the  leader 
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ongation  ;  the  voltage  distribution  along  the  channei 
seir  does  not  change  significantly.  Therefore  the 
icrease  in  the  current  should  be  balanced  by  a  similar 
icrease  in  the  channei  conductivity.  Such  a  behaviour 
very  similar  to  that  described  by  figures  49  to  52, 
I  correspondence  to  large  current  fluctuations. 


Z(cm) 


ig.  80.  —  The  transit  lime  and  the  absolute  intensity  ol'  the 
istrike  luminous  puises,  as  functions  of  the  travelled  distance, 
litial  velocity  2.0  x  10"  cm/s;  Average  velocity  1.0  x  lO*'  cm/s; 
atténuation  factor  1.8  x  10"^  cm"'. 


6.2  The  restrike  transients.  —  Restrikes  in  the 
leader  channei  have  been  observed  also  in  ail  the 
;ases  when  a  sudden  change  is  realized  in  the  leader 
régime  :  when  the  leader  is  arrested  by  a  large  injec- 
tion of  space  charge  at  its  tip  [93],  when  it  starts 
again  after  an  inactivity  period,  or  when  the  applied 
voltage  is  rapidly  changed  [1,  94]  (e.g.  by  triggering 
a  parallel  chopping  gap  which  reduces  the  voltage 
to  zéro).  Similar  luminous  fronts  have  been  observed 
to  propagate  also  in  shorter  gap  along  pre-discharge 
channels  [111,  112],  anytime  that  a  sudden  variation 
of  the  potential  occurs  in  a  point  of  the  discharge 
circuit  :  this  local  perturbation  has  to  be  transmitted 
to  the  whole  electrical  system  to  establish  a  new 
voltage  and  current  régime.  The  wave  propagation 
may  be  therefore  considered  as  the  transient  response 
of  the  pre-discharge  channei  to  an  electromagnetic 
perturbation,  when  the  channei  is  assumed  to  be 
part  of  the  complète  discharge  circuit  ;  the  transient 
behaviour  of  the  electric  field  in  any  point  of  the 
channei  may  be  then  described  by  the  MaxwelPs 
équations, 


(79) 


where  H,  B  and  D  are  respectively  mafenetic  field  and 
flux  and  electric  flux.  Thèse  équations,  together 


with  the  conservation  eqs.  (34)  for  ail  particles  species, 
can  describe  the  leader  channei  évolution  during  the 
reilluminations. 

In  the  leader  model  presented  in  §  4,  the  channei 
has  been  assumed  to  be  almost  uniform  in  the  longi- 
tudinal direction,  and  in  the  difi"erential  équations 
the  longitudinal  derivatives  have  been  neglected. 
Furthermore,  the  electromagnetic  field  équation  has 
been  replaced  by  a  simple  ohmic  relation,  with  the 
implicit  assumption  that  the  conduction  current  is 
constant  along  the  channei  and  the  displacement 
current  is  zéro  [dDjdt  =  0  in  eqs.  (79)).  This  leader 
model  is  therefore  inadéquate  to  represent  the  fast 
transient  associated  to  the  restrike  propagation. 
However  the  results  of  figure  49  show  a  good  corré- 
lation between  theoretical  and  expérimental  light 
puises  associated  to  large  current  oscillations.  This 
indicates  that  the  form  of  the  reillumination  puises 
is  essentially  related  to  the  form  of  the  current  of 
the  leader-streamer  instability  ;  and  the  increase  of 
light  foUows  the  increase  of  électron  density,  which 
develops  in  quasi-equilibrium  with  the  current  (see 
§4.7).  . 

This  suggests  that  it  is  possible  to  distmguish  m 
the  restrike  transient  to  diff"erent  processes  :  a  fast 
transient,  which  appears  in  the  form  of  a  current 
and  field  wave  [113,114]  propagating  along  the 
channei  with  velocities  in  the  range  10^-10*^  cm/s  ; 
the  displacement  current  makes  the  conduction  cur- 
rent diff'erent  from  section  to  section  and  produces 
the  variation  of  the  surface  charges  according  to  the 
potential  rearrangement  ;  and  a  slow  transient,  which 
appears  in  the  form  of  a  current  oscillation  with 
almost  constant  axial  field  and  quasi-equilibrium 
variation  of  électron  density  ;  the  displacement  cur- 
rent is  zéro  and  the  conduction  current  is  longitudi- 
nally  uniform.  This  seems  to  be  consistent  with  the 
form  of  the  observed  light  and  current  puises  (Fig.  19à) 
which  présent  clearly  the  aspect  of  a  double  transient  ; 
the  hell  shaped  puise  (Fig.  79/?)  is  probably  due  to  a 
much  slower  electromagnetic  perturbation,  asso- 
ciated to  a  fluctuation  in  the  leader-streamer  system 
and  the  intensity  of  the  fast  transient  (related  to  the 
time  derivatives  of  electric  and  magnetic  fields)  is 
too  small  to  be  detected. 

6.3  The  wave  propagation.  —  It  is  well  known 
that,  in  the  présence  of  a  filamentary  plasma  support, 
the  electromagnetic  perturbation  is  transmitted  as  a 
wave  along  the  filament  itself  the  propagation  charac- 
teristics  depending  on  the  initial  conditions  of  the 
support  médium.  The  solution  of  MaxwelFs  équa- 
tions is  in  gênerai  very  complex  ;  however,  in  two 
extrême  cases  it  can  be  strongly  simplified,  depending 
on  the  ratio  p  of  the  electric  energy  losses  over  the 
magnetic  energy  associated  to  the  wave  propagation 
per  unit  time  and  length.  When  the  losses  are  negli- 
gible,  the  magnetic  and  electric  field  components  in 
the  propagation  direction  are  also  ncgligiblc  and  the 
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perturbation  propagates  without  appréciable  dis- 
torsion as  a  plane  transverse  electromagnetic  wave. 
When  the  electric  losses  are  dominant,  magnetic 
effects  are  negligible,  together  with  the  transversal 
component  of  the  electric  field,  and  the  perturbation 
propagates  with  strong  distorsion  as  a  spheric  hyper- 
geometric  wave  [115].  In  both  cases  electric  potentials 
can  be  univocally  defined  for  any  point  of  the  channel, 
together  with  the  electrical  parameters  of  résistance, 
inductance  and  capacitance  per  unit  length.  It  can 
be  shown  that  under,  the  présent  conditions  the 
ratio  p  is  very  large  [114,  116],  and  the  spheric  hyper- 
geometric  approximation  is  satisfactory  ;  a  scalar 
potential  U  and  a  capacitance  per  unit  length  C  can 
be  defined  for  any  section  of  the  channel  and  the 


application  of  the  Gauss  theorem  to  the  MaxwelTs 
eqs.  (78)  [113,  114],  leads  to 


(80) 


Thèse  équations  are  those  of  the  propagation  of 
electromagnetic  waves  on  a  RC  transmission  line. 
The  motion  of  électrons  during  the  wave  transit 
(the  heavy  particles  may  be  assumed  still)  can  be 
represented  with  the  three  conservation  eqs.  (34), 
expressed  in  the  mono  dimensional  form, 
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Under  the  présent  assumptions  only  the  électrons  in 
the  channel  can  contribute  to  the  conduction  cur- 
rent  (/  =  ena^         and  eq.  (80)  becomes, 


na  e  on„ 


(82) 


The  second  of  eqs.  (82)  is  a  particular  form  of  the 
Ohm's  low,  which  defines  just  the  value  of  the  électron 
mobility,  and  is  not  essential  for  the  solution  of  the 
équation  System  (81)  and  (82);  the  latter  is  a  first 
order  System,  which  can  be  synthetically  expressed  in 
the  vector  form, 
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The  column  vector  Y  is  the  vector  of  the  variables, 
representing  the  conditions  within  the  leader  channel 
at  any  time  t  and  position  x.  This  vector  is  comple- 
tely  defined  by  the  matrix  eq.  (83),  if  the  initial  condi- 
tions are  assigned,  and  describes  therefore  the  pro- 
pagation of  the  potential  perturbation  along  the 
channel.  Gallimberti  and  Lanzaro  [117]  have  shown 
that  the  non  linear  difi~erential  System  (83)  can  be 
linearized  around  a  stable  solution  :  this  corresponds 
to  approximate  in  the  filament  région  the  spheric 


hypergeometric  wave  with  its  tangent  plane  wave. 
In  that  case  the  wave  velocity  and  the  atténuation 
coefficient  can  be  derived  from  a  simple  dispersion 
relation  [117,  118], 

where  v^^  is  the  effective  momentum-exchange  colli- 
sion frequency  between  électrons  and  heavy  particles 
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and  (0  Ihc  angular  frcqucncy  of  thc  clcctromagnctic 
perturbation. 

The  most  important  non-linearity  in  cq.  (83)  is 
due  to  the  strong  dependcncc  of  thc  ionization  fre- 
quency  on  the  electric  field  :  however,  it  can  be 
shown  [116]  that,  because  of  the  short  transit  time  of 
the  wave,  the  change  of  the  ionization  degree  during 
the  fast  transient  can  be  neglected  with  respect  to 
the  change  in  the  slow  transient.  As  a  conséquence 
the  électron  density  n,  in  eqs.  (85)  can  be  assumed 
equal  to  the  equilibrium  density  before  the  restrike. 
The  average  frequency  ta  can  be  estimated  from  the 
signais  of  figure  79  :  the  computed  values  of  velocity 
and  atténuation  coefficient,  for  the  average  leader 
parameters  of  figures  49  to  52,  are  t'y  =  2.5  x  10«  cm/s 
and  >!  =  2.4  x  10"^  cm'^  ;  the  corresponding  values 
derived  from  figure  80  are  respectively 

=(1.0-2.0).  10^  cm/s   and  ;/ =  1 .8  x  10  '  cm^  '  . 

The  computer  solution  of  eq.  (83),  with  initial  condi- 
tions appropriate  for  the  leader  channel,  and  for  a 
variation  of  the  potential  U  of  50  kV  in  100  ns  is 
repôrted  in  figure  81,  which  shows  the  field  distri- 
bution in  space  and  time.  The  results  of  this  figure 
compare  satisfactorily  with  the  expérimental  measu- 
rements  of  figure  79a,  except  for  the  tail  of  the  current 
and  light  puises  which  are  associated  to  the  slow 
transient.  Both  the  expérimental  and  theoretical 
results  show  the  impulse  distortion  during  the  pro- 
pagation because  of  the  higher  atténuation  of  the 
high  frequency  components  (eqs.  (85)). 


6r 


Fig.  81.  —  The  computed  field  wave  propagating  across  the  leader 
channel  for  a  potential  linear  variation  of  50  kV  in  100  ns.  The 
initial  conditions  correspond  to  the  average  leader  parameters  of 
figures  49  to  52. 
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Fig.  82.  —  The  streak  photograph  (a)  of  the  leader  reillumina- 
tions when  the  voltage  is  suddently  reduced  to  zéro  by  a  parall 
chopping  gap,  and  the  computed  current  (b)  for  the  same  expéri- 
mental conditions  (4  m  rod-plane  gap,  220/2  400  jis  wave  :  chopp- 
ing a  few  us  before  breakdown). 


6.4  Restrikes  WITH  CHOPPED  VOLTAGE.  —  The 
comparison  between  expérimental  and  computed 
results  is  satisfactory.  However,  the  overlapping  of 
the  fast  and  slow  transients  and  the  influence  of  the 
complète  discharge  circuit  make  an  accurate  check 
of  the  restrike  wave  model  particularly  difficult.  A 
significant  check  has  been  done  for  chopped  dis- 
charges :  in  that  case  it  has  been  experimentally 
observed  a  rapid  succession  of  channel  reilluminations, 
any  of  which  last  for  some  10  ns  and  appear  with 
frequencies  between  10  and  50  MHz  (Fig.  82a). 
Thèse  reilluminations  are  clearly  due  to  the  fast 
transient  of  the  chopped  potential  wave,  propa- 
gating along  the  channel  and  reflecting  up  and  down 
at  any  point  of  the  discharge  circuit  where  the  impé- 
dances are  not  matched.  For  the  simulation  of  this 
case,  eq.  (80)  have  been  replaced  by  a  more  sofisti- 
cated  computer  program  for  transient  calculations 
in  transmission  lines  and  electrical  networks  with 
lumped  and  distributed  parameters  variable  in  time 
(transient  program  BPA)  [119].  In  this  way  the  com- 
plète discharge  circuit  has  been  simulated  together 
with  the  leader  channel  [120].  Thc  rod  current  is 
presented  in  figure  82/^  :  difi"erent  current  waves  can 
be  seen  to  propagate  up  and  down  the  leader  channel, 
with  frequency  distributions  which  compare  vcry 
well  the  expérimental  observations. 

The  potential  of  the  leader  tip  U,,,  (l  ig.  83)  and  the 
voltage  drop  across  the  leader  channel  AU,,  Huctuate 
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Fig.  83.  —  The  computed  leader  tip  potential  U^  and  voltage  drop 
across  the  leader  channel  AU,^  for  the  same  conditions  as  figure  82. 

in  correspondence  to  the  reflections  of  the  potential 
waves  in  the  points  where  the  surge  impédances  of 
the  différent  circuit  éléments  are  not  matched. 
Figure  84  shows  the  electric  field  near  the  leader 
head  and  near  the  anode  ;  the  delay  of  the  field 
establishment  at  the  leader  tip  is  due  to  the  propa- 
gation time  along  the  channel  ;  furthermore,  the  high 
frequency  components  are  smoothed  because  of  the 
energy  losses  during  the  propagation.  The  gênerai 
agreement  with  the  luminous  pattern  of  figure  81a 
is  quite  satisfactory  ;  the  simulation  puts  in  évidence 
two  sets  of  frequencies  in  the  field  and  current  records 
(short  and  long  range  reflections),  which  appear  also 
in  the  expérimental  streak  photos. 
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Fig.  84.  —  The  computed  tield  near  the  leader  head  and  near 
the  anode  point  E^^,  for  the  same  conditions  as  figure  82. 


7.  The  final  jump  and  the  spark  formation.  — 

7 . 1  Expérimental  results.  —  The  final  jump  is 
the  terminal  stage  of  the  leader  propagation,  charac- 
terized  by  a  rapid  increase  of  current,  which  leads 
inevitably  to  the  short-circuit  of  the  gap.  The  final 
jump  starts  when  the  first  streamers  of  the  leader 
corona  reach  the  plane.  The  photographs  of  figure  85a 
to  85c  show  a  typical  case  resolved  in  time.  Figure  85o 
is  an  image  converter  photograph  at  a  speed  suitable 
for  examination  of  the  beginning  of  the  final  jump  : 
the  leader  corona  is  recorded  as  a  diff"use  luminosity 
propagating  across  the  gap.  At  time  tj^  the  rate  of 
propagation  undergoes  a  rapid  increase,  accompanied 
by  an  enhanced  luminosity  of  the  leader  channel. 
It  was  found  that  the  front  of  the  leader  corona 
accélérâtes  towards  the  plane  attaining  a  velocity  of 
about  10  cm/us.  In  order  to  examine  the  terminal 


Fig.  85.  —  Electrical  and  optical  measurements  taken  during  the  final  jump  (a)  slow  speed  streak  photo;  (h)  high  speed  streak  photo; 
(c  )  framing  photographs  at  différent  times  before  ig  -,  (d)  voltage  and  current  oscillograms,  together  with  the  leader  advancement  curve. 
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Stage  more  precisely  and  particularly  llic  vclocily  ol 
the  leader  tip,  synchronized  image  converter  records 
and  oscillograms  with  high  time  resolution  were 
obtained.  From  streak  records  of  the  type  in  figure  S5h 
the  progress  of  the  leader  tip  during  the  last  few 
microseconds  before  breakdown  can  be  evaluated. 
When  the  leader  tip  approaches  the  plane  the  lumi- 
nosity  of  the  leader  increases  and  at  time  r„  the 
whole  gap  is  bridged  by  the  leader.  At  times  foUowing 
/„  the  return  stroke  is  developed,  which  results  in  a 
short-circuit  of  the  gap.  The  development  of  this 
terminal  stage  is  clearly  seen  in  the  image  converter 
frame  photographs  of  figure  85c. 

The  related  transient  electrical  records  of  voltage 
and  current  are  shown  in  figure  85 At  the  beginning 
of  the  final  jump  the  axial  leader  velocity  has  an 
average  value  of  about  1.4cm/MS  and  increases 
during  the  development  of  the  final  jump  to  a  value 
of  a  few  100cm/|as  when  the  leader  reaches  the 
plane.  Figure  86  shows  the  variation  of  leader  velocity 
as  a  function  of  the  hight  H  of  the  leader  tip  above 
the  plane. 
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Fig.  87.  —  The  instantaneous  applied  voilage  V ^  and  the  leader 
tip  potential  Vu  at  the  beginning  of  the  final  jump,  as  a  function 
of  the  high  hf  of  the  final  jump  itself 


With  high  resolution  electrical  and  optical  measu- 
rements,  the  transition  between  the  leader  continuous 
progression  and  the  final  jump  has  been  clearly 
observed  (Fig.  88).  It  occurs,  within  1  or  2  |as  after 
the  arrivai  of  the  streamers  at  the  plane.  This  is  clearly 
shown  by  charge  and  field  oscillograms  reported  in 
figure  88;  the  spikes  of  the  record  of  the  field  probe 
dénote  the  neutralization  at  the  plane  of  the  positive 
charge  of  the  streamer  tip  [2,  55]  and  the  successive 
growth  observed  in  the  charge  oscillogram  indicates 


Fig.  86.  —  The  variation  of  the  leader  velocity,  as  a  function  of 
the  leader  head  above  the  ground  électrode,  for  two  différent  gap 
lengths. 


The  instantaneous  voltage  Vf  at  the  beginning  of 
the  final  jump  is  a  function  of  its  hight  h ^  only  (Fig.  87). 

Assuming  an  average  axial  field  along  the  lea- 
der E,  :,  =  1  kV/cm  the  potential  of  the  leader  tip  at 
the  beginning  of  the  final  jump  U,,,(tf)  can  be  cal- 
culated  :  it  represenls  the  voltage  across  the  unbridged 
part  of  the  gap,  which  gives  the  average  field  in 
the  streamer  glow  (3.5-4.2  kV/cm).  Thèse  values  of 
the  field  are  consistent  with  the  reported  values  of 
the  average  gradient  along  the  streamers  [2,  55]  and 
with  their  stability  propagation  lield  [40-4.3]  ;  this 
confirms  the  assumption  that  the  final  jump  is  launched 
by  the  arrivai  of  the  streamers  at  the  plane. 


f  ig.  88.  The  launch  of  the  Inuil  junip  (</)  Slrc;ik  plu.tograph 
of  the  streamers  arriving  at  the  plane;  (h)  The  correspond.ng 
frame  picture  (I  ms  cxposure);  U)  The  charge  measured  ui  the 
anode;  icJ)  The  electric  lield  on  the  cathode  plane. 
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the  onset  of  the  final  jump.  From  the  image  converter 
photographs,  it  can  be  seen  that  the  streamers  are 
strongly  accelerated  in  their  last  path  and  seem  to 
converge  into  a  few  thick  bunches  which  increase 
their  luminosity  as  they  approach  the  plane  and  are 
reilluminated  when  they  reach  it.  This  reillumination, 
which  appears  to  be  stronger  near  the  plane,  climbs 
up  towards  the  leader  tip.  Its  propagation  velocity 
could  not  be  measured  accurately  because  it  is  near 
the  resolution  power  of  the  image  converter  caméra  : 
however  it  has  been  estimated  to  be  of  the  order  of 
3. 10^  cm/s.  This  luminosity  can  be  associated  to  a 
potential  wave  caused  by  the  arrivai  of  the  streamer 
tips  on  the  plane  [2,  116].  As  the  brightness  of  the 
track  decrease  when  it  départs  from  the  plane,  it  is 
believed  that  the  front  steepness  of  the  potential 
wave  and  the  associated  electric  field  decrease  during 
the  propagation.  This  is  probably  due  to  the  energy 
losses  caused  by  the  relatively  low  ionization  degree 
in  the  streamer  filaments. 

According  to  the  model  presented  in  §  6,  it  has, 
been  calculated  that  such  a  potential  wave  cannot 
cause  a  large  increase  of  the  ionization  degree  of  the 
streamer  filaments  converging  into  the  leader  tip, 
because  it  loses  its  ionization  capability  within 
about  10  cm.  However,  following  the  rearrangement 
of  the  potential  caused  by  the  travelling  wave,  a  new 
current  régime  is  started,  which  is  determined  by  the 
streamer  and  leader  conductivities.  This  situation 
appears  to  be  unstable,  the  current  increases  and  the 
leader  propagation  is  accelerated.  The  delay  between 
the  first  arrivai  of  the  streamers  on  the  plane  and  the 
rapid  charge  increase  is  probably  due  to  the  wave 
propagation  and  the  transient  required  to  the  establish 
the  new  régime. 

Spectroscopic  measurements  on  the  cathode  plane, 
in  both  short  and  long  gaps  [121,  122],  indicate 
vaporization  of  métal  atoms  into  the  gas  :  this  can 
be  associated  to  the  formation  of  one  or  more  cathodic 
spots,  by  ion  bombardment,  which  can  supply  a 
permanent  source  of  free  électrons  to  the  corona 
glow.  In  that  case  the  current  is  not  limited  by  the 
mechanism  of  advancement  of  the  corona  ionization 
front  into  the  gap,  but  dépends  only  on  the  applied 
voltage  and  the  conductivity  of  the  différent  discharge 
sections  :  the  cathodic  voltage  drop  can  be  obviously 
neglected  with  respect  to  the  total  applied  voltage. 

7 . 2  The  thermalization  transition.  —  Accord- 
ing to  the  current  and  voltage  oscillograms,  the 
instantaneous  values  of  the  power  P  =  UI,  of  the 
energy  W  =  UI  dt  and  of  the  gap  impedence  R  =  U/1 
can  be  derived  (Fig.  89)  [123].  The  initial  value  of 
the  energy  at  time  tj-  has  been  estimated  from  the 
fluxmeter  measurements,  as  the  fraction  of  the 
energy  input  up  to  tj^  which  is  dissipated  in  the  leader 
channel  (see  Fig.  42).  It  appears  from  figure  89  that 
most  of  the  energy  input  takes  place  in  the  last  4-5  ^s 
of  the  final  jump.  The  power  drops  quite  rapidly 
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Fig.  89.  —  The  instantaneous  power  P,  energy  W  and  gap  impe- 
dence R  during  the  final  jump  (10  m  cone-plane  gap,  500/10  000  us 
wave). 


about  1  |is  after  the  return  stroke,  when  the  voltage 
collapses.  The  channel  résistance  drops  at  a  rate 
which  increases  rapidly  after  /„.  If  the  channel  conduc- 
tance  \/R  is  plotted  as  a  function  of  the  injected 
energy  (Fig.  90),  two  différent  phases  can  be  seen  ; 
the  first  is  during  the  final  jump  and  shows  a  relatively 
slow  rise  of  the  leader  conductance  (slope  2.5  in  the 
log-log  plot)  ;  the  second,  in  the  spark  phase  shows 
a  much  higher  slope  (about  5-6).  The  transition  bet- 
ween the  two  régimes  occurs  in  less  than  a  micro- 
second, in  correspondence  to  the  leader  arrivai  at 
the  plane  and  to  the  return  stroke. 
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Fig.  90.  —  The  leader  conductance  as  a  function  of  the  input  of 
energy  (same  conditions  as  figure  89). 


nii'  MiciiANisM  oi-  rm  i.onc;  spakk  I'ORMATION 


(•7-243 


The  return  stroke  appears  as  a  lasl  lumiiiouii  wave  and  complète  thermali/ation  of  the  plasma  after  the 

Which  propagates  along  the  channcl  al  a  vclocity  of  return  stroke  and  in  the  spaik  phase.  The  observed 

theorderofi  x       cm/s  :  in  fîgino     the  ticometrical  spectra  indicate  that  in  the  Imal  stages  ot  the  hnal 

been  reporled  (dashed  line)  jump  (last  5  |as  before  /„)  the  gas  is  lully  dissociated 


pattern  of  the  leader  ha: 

on  the  streak  photo  ;  it  can  be  clearly  seen  the  lumi- 
nous  wave  front  which  climbs  up  along  the  channel 
leading  to  a  strong  increase  of  the  light  émission. 
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and  the  excitation  processes  are  essentially  due  to 
électron  collisions  under  the  field  action  ;  after  the 
return  stroke  the  appearance  of  a  continuum  indicate 
the  establishment  of  thermal  radiation.  The  results 
on  the  leader  internai  conditions  during  the  final  jump 
are  schematically  represented  in  figures  92  and  93 
[123-125],  together  with  some  direct  expérimental 
measurements  of  température  and  ionization  degree 
in  the  spark  phase. 


Fig.  91.  —  The  return  stroke  in  a  high  speed  streak  phot 
(10  m  cone-plane  gap  500/10  000  us  wave). 


A  detailed  analysis  of  spectroscopic  results  [123], 
together  with  the  results  of  figures  89  and  90,  has 
put  in  évidence  that  the  change  of  behaviour  around 
the  time  represents  the  transition  between  two 
différent  thermo-hydrodynamic  régimes  :  an  expan- 
sion under  non  LTE  conditions  and  almost  constant 
pressure  during  the  first  stages  of  the  final  jump, 
and  a  shock  wave  with  strong  channel  overpressure 


t(/i8) 


Fig.  92.  -  The  variation  of  the  gas  and  électron  température 
during  the  final  jump,  estimated  from  electrical  and  spectroscopic 
measurements. 


Fig  93  _  The  variation  of  the  ionization  degree  during  the  final 
jump,  estimated  from  spectroscopic  and  electrical  measurements. 


From  the  presented  expérimental  results,  the  leader 
channel  during  the  final  jump  appears  to  change  its 
internai  conditions  on  a  much  shorter  time  scale  and 
a  wider  range,  than  it  occurs  during  its  previous 
propagation.  Due  to  the  establishment  of  a  cathodic 
région,  which  supplies  a  stable  électron  flux  into  the 
leader  glow,  the  current  can  increase  rapidly,  together 
with  the  power  input.  As  a  conséquence  a  number 
of  symplifiing  assumptions  of  the  mode!  discussed 
in  §  4  are  not  more  valid.  However,  other  assumptions 
can  be  made  to  improve  the  model  for  the  simulation 
of  the  final  stages  and  the  transition  to  the  spark 
phase. 

It  is  well  known  [125-127],  that  in  the  spark  the 
plasma  is  in  local  thermodynamic  equilibrium  :  the 
gas  molécules  are  fully  dissociated,  the  différent 
températures  are  ail  equal,  and  the  ionization  degree 
satisfies  the  Saha  équation  [66,  88]. 

Therefore,  the  final  jump  represents  a  transition 
phase,  during  which  the  leader  conditions  change 
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from  the  non-LTE  characteristics  discussed  in  §  4, 
to  the  LTE  characteristics  of  the  spark  channel  ;  as 
the  ionization  degree  increases,  the  electron-neutral 
colHsions  become  less  and  less  important  with  respect 
to  electron-ion  and  electron-electron  collisions  and 
the  swarm  conditions,  controlled  by  the  reduced 
fieid,  change  to  the  Coulomb  plasma  conditions, 
controlled  by  the  plasma  température.  As  thermo- 
dynamic  equilibrium  is  approched,  al!  the  gaseous 
eiectronics  and  chemical  reactions  discussed  in  3 
and  4  tend  to  be  balanced  by  the  inverse  ones  (due  to 
microreversibility)  and  the  final  repartitions  will  then 
foilow  the  Boltzmann  law. 

7.3  The  nitrogen  dissociation.  —  Let's  first 
consider  the  mass  conservation  eq.  (37)  :  the  rate  of 
change  of  particle  density  is  essentially  gpverned  by 
the  dissociation  and  ionization  rates  Nj  and  N^. 
It  is  clear  that  eq.  (43)  cannot  more  be  used  for  A^^, 
because  it  does  not  take  into  account  the  nitrogen 
thermal  dissociation,  and  neglects  the  dependence  of 
the  energy  fraction  of  électron  coUisional  dissocia- 
tion on  the  gas  composition,  in  particular  on  the 
dissociation  degree. 

At  relatively  high  température  (5-10.10-'K)  the 
dissociation  rate  of  the  N2  molécules  can  reach  signi- 
ficant  values  in  the  final  jump  timescale  :  in  parti- 
cular, the  présence  of  the  oxygen  atoms  and  molécules 
can  increase  largely  this  rate,  through  the  intermediate 
formation  of  nitric  oxide.  In  figure  94  the  more  impor- 
tant reactions  case  are  schematically  represented  : 
the  corresponding  reaction  rates  are  reported  in 


N2+0i:N0+N 


Fig.  94.  —  The  most  important  reactions  leading  to  the  dissocia- 
tion of  nitrogen  molécules  in  the  leader  channel  ;  the  reaction  rates 
are  reported  in  figure  44. 
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Fig.  95.  —  The  équivalent  time-constant  for  nitrogen  dissociation 
as  a  function  of  the  gas  température,  for  différent  degrees  of  oxygen 
dissociation,  x,  is  the  saturation  curve,  limited  by  the  NO  disso- 
ciation (Tno)- 


representing  respectively  the  dissociation  of  nitrogen 
and  oxygen  : 

where  the  fraction  of  energy  for  direct  dissociation 
by  électron  impact  have  been  corrected  for  the  spé- 
cifie molécule  and  for  the  réduction  of  the  actual 
number  density  of  undissociated  molécules  («o^ 
and  «N,  represent  the  corresponding  values  at  tem- 
pérature Tf,  without  any  dissociation).  The  total  dis- 
sociation rate  of  eq.  (37)  becomes, 

-^[^N,  +  iVoJ.  (87) 

Obviously  ail  the  terms  of  eqs.  (86)  and  (87)  are  zéro 
when  dissociation  is  complète. 


figure  44  [85,  86].  The  équivalent  time  constant 
results  essentially  a  function  of  gas  température 
and  oxygen  dissociation  degree  d.  It  has  been  calcu- 
lated  by  solving  the  corresponding  system  of  rate 
équations,  and  is  reported  in  figure  95  :  the  dashed 
line  T,  represents  a  saturation  limit,  due  to  the  fact 
that  the  overall  dissociation  rate  is  limited  by  the  NO 
dissociation  rate  (curve  1^0)  ^/  is  lower  that  t^q 
because  of  the  présence  of  paralled  direct  channels. 
The  total  concentration  of  nitric  oxide  in  the  channel 
gas  remains  in  any  case  very  limited.  The  third  of 
eq.  (43)  must  be  threrefore  replaced  by  two  équations 


7.4  The  électron  production  rate.  —  Let's  now 
consider  the  net  ionization  rate  N^.  At  relatively  low 
température  the  ionization  and  recombination  reac- 
tions, which  have  been  taken  into  account,  were 
essentially  the  electron-neutral  impact  ionization  and 
the  three  body  recombination 


At  high  température  and  ionization  degree  also 
the  inverse  reactions  (two-electron  recombination 
and  neutral-neutral  ionization)  have  to  be  taken  into 
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accounl.  Furthermore,  other  kind  of  reactions  may 
become  important,  like  multistep  ionization  or  dis- 
sociative  recombination  (and  the  corresponding  in- 
verse reactions).  However,  let's  consider  for  simpli- 
city  the  two  reactions  (88),  which  are  in  any  case  the 
more  important  for  the  actual  conditions  [66]  :  the 
rate  équation  for  the  first  reaction  can  be  written  m 
the  form 

^^n.n^,k:  -nl,uk'\  ,  (89) 
d/ 

where  K  is  the  direct  rate  detined  by  eq.  (47)  and  k\ 
is  the  inverse  reaction  rate.  The  equihbrium  condition 
is  represented  by  the  Saha's  équation  at  the  électron 
température  T^, 

(90) 

where  e,  is  the  ionization  energy.  A  similar  rate  équa- 
tion can  be  written  for  the  second  of  reactions  (88), 


when  equilibrium  conditions  are  approached  (7^= 
the  three  values  become  equal,  the  net  rate  A^,.  is 
reduced  to  zéro  and  the  électron  density  equals  the 
equilibrium  value  of  the  Saha's  eqs.  (90)  and  (93). 
In  particular,  the  quasi-equilibrium  électron  density 
of  eq.  (52)  becomes 


V,  (1  -  i^lhj 


(95) 


2  c  + 

àt 


(91) 


where  and  5"+  are  the  ionization  and  recombi- 
nation rates.  In  this  case,  as  the  ionization  occurs 
in  a  collision  between  two  particles  having  an  ave- 
rage  energy  3/2 /cJ^,,  the  equilibrium  condition  is 
expressed  by  the  Saha  s  équation  at  the  gas  tempe- 
rature, 

2  nm„  kT,, 


=  2- 


exp 


If  the  gas  température  increases  the  (ir,,  factor  can 
tend  to  the  actual  value  of  :  in  this  case  n,  and  fi 
are  forced  to  follow  the  température  increase  in  an 
approximate  Saha's  equilibrium.  Physically  this  cor- 
responds to  a  threshold  where  the  neutral-neutral 
collisional  ionization  approximately  balances  the 
three  boby  recombination. 

This  can  be  clearly  seen  if  eq.  (95)  is  solved  for 
the  ionization  degree  {njn,}  as  a  function  of  both 
électron  and  gas  température, 

(96) 

This  équation  has  two  négative  and  one  positive 
roots,  which  can  be  found  with  conventional  nume- 
rical  procédures  as  functions  of  T,  and  T^,  according 
to  eqs.  (90)  and  (92).  Figure  96  shows  that  at  relati- 
vely  low  température  the  ionization  degree  dépends 
only  on  the  électron  température  (and  is  in  equili- 
brium with  the  local  field)  ;  on  the  contrary  at  rela- 
tively  large  gas  températures  the  ionization  degree 
varies  in  quasi-equilibrium  with  the  Saha's  équation 


(92) 


If  charge  neutrality  is  assumed  («,  =  «  +  ),  the  net 
rate  of  ionization  can  be  derived  by  combining 
eqs.  (89)  to  (92), 


=     n„  k:  1 


where  /3  =  nlln„  is  the  actual  value  of  the  density 
ratio  in  the  non  LTE  condition.  If  the  rates 
and  S"  are  expressed  in  terms  of  ionization  fre- 
quency  v,  and  recombination  coefficient  a^,  for  the 
two  reactions  (88),  the  net  électron  production  rate 
for  the  leader  channel  becomes. 


(94) 


If  the  électron  température  is  much  higher  than  the 
gas  température,  the  actual  /i  value  is  much  higher 
than  Pr,  and  much  smaller  than  (for  r^  =  4  000  K, 
T,  =  20  000  K  and  the  actual  densities  calculated 
in  §  5.6,  [irjli  =  10"'  and  IHIi-r..  =  10  '"),  and 
eq.  (94)  becomes  equal  to  eq.  (49).  On  the  contrary. 
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Fig.  96.  —  The  quasi-equilibrium  ionization  degree  in  the  leader 
channel,  depending  on  both  the  électron  température  T,.  and  the 
gas  température  T^. 
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at  température  T;,,  even  if  the  électron  température 
is  quite  larger.  This  resuit  is  in  contradiction  with 
the  assumption,  which  is  often  made  in  two-tempe- 
rature  gas  discharge  models,  that  the  ionization 
degree  can  be  calculated  from  Saha's  équation  at 
the  électron  température  T^,. 

7.5  CoMPUTED  RESULTS.  —  In  the  électron  and 
ion  energy  eq.  (39),  the  Coulomb  collision  term 
increases  rapidly  with  the  ionization  degree  : 
therefore,  it  cannot  be  neglected  ;  for  ionization 
degrees  above  10 "^-10"^,  Çp+  becomes  larger  than 
the  electron-neutral  term  Q;,  :  from  this  point  the 
électron  energy  flows  preferentially  to  the  positive 
ions  and  their  température  may  increase  significantly 
above  the  gas  température.  Also  the  contributions 
to  the  expansion  work  eqs.  (81)  cannot  more  be 
neglected  at  large  ionization  degrees. 

In  the  neutral  energy  équations,  when  the  tempe- 
rature  increases,  the  repartition  factors /,,  and  (  /',  +  j]) 
may  change  significantly  because  of  the  changes  in 
the  gas  composition  ;  however,  as  it  has  be  seen  in 
the  results  of  figure  50,  the  vibrational  température  7,, 
approaches  the  gas  température  after  about  100  |as  : 
therefore  in  the  final  jump  the  vibrational  réservoir 
can  be  assumed  to  be  in  equilibrium  with  the  thermal 
one,  and  the  first  two  eqs.  (43)  can  be  added  together. 
In  that  case  the  spécifie  heat  c*  includes  also  the  vibra- 
tional component  (see  Fig.  47),  and  ail  the  repartition 
factors  are  added  together.  At  high  ionization  degree 
the  ion-neutral  collision  term  C+;,  becomes  dominant. 
The  first  of  eq.  (43)  has  to  include  also  the  H 2  disso- 
ciation term  according  to  eqs.  (86). 

With  thèse  improvements  the  leader  model  of  §  4 
can  be  applied  also  to  represent  the  final  jump  and 
the  leader  to  spark  transition. 

The  initial  conditions  which  have  been  selected 
correspond  to  the  average  leader  conditions  at  the 
beginning  of  the  final  jump,  calculated  according  to 
the  results  of  §  4  : 

=  «+  =  3  X  10~i2  cm"^  a  =  0.2cm 
=  1.8  X  10'«  cm"^        «o,  =  5x1015  cm" 3 
«N,  =  13  X  10^5  cm"^ 

T,  =  19  000  K  r+  =  4  150  K 

T;,  =  4  000  K  . 

The  current  input  is  derived  from  the  expérimental 
oscillogram  of  figure  85.  The  results  of  the  compu- 
tation  are  reported  in  figures  97  to  100;  différent 
subséquent  phases  can  be  recognized  in  thèse  figures, 
corresponding  to  the  rôle  played  by  the  différent 
physical  phenomena  in  the  évolution  of  the  leader 
internai  conditions.  During  a  first  phase,  which  lasts 
for  about  6-7  ps  after  the  beginning  of  the  final 
jump,  the  leader  characteristics  vary  approximately 
in  the  same  manner  as  during  the  continuous  leader 
propagation  discussed  in  §  4  :  the  gas  number  density 


and  the  electric  field  decrease  almost  proportionally, 
due  to  the  température  increase  and  the  channel 
expansion;  the  internai  pressure  and  the  expansion 
velocity  remain  relatively  small,  increasing  smootly 
with  the  current  input.  Also  the  dissociation  degree 
of  both  oxygen  and  nitrogen  molécules  increases 
slowly,  according  to  the  relatively  low  rate  of  électron 
collisional  dissociation. 

After  about  5  |is  the  température  becomes  large 
enough  for  the  thermal  dissociation  of  O2  molécules 
to  exceed  the  contribution  of  électron  collisions  : 
the  curve  of  the  dissociation  degree  {d^^  in  figure  98) 
présents  a  sharp  bend  and  its  values  increase  rapidly 
towards  complète  dissociation.  A  similar  behaviour 
is  shown  by  the  nitrogen  molécules  at  a  slightly 
larger  température.  During  the  dissociation  phase 
(7-9  us)  a  large  fraction  of  the  energy  input  to  the 
thermal  réservoir  is  absorbed  by  the  chemical  réser- 
voir through  the  dissociation  reactions  :  as  a  consé- 
quence the  température  rise  slows  down  (Fig.  97)  ; 
on  the  contrary,  the  dissociation  processes  increase 
the  number  of  neutral  particles  présent  in  the  channel 
and  the  gas  number  density  stops  to  decrease  and 
rises  slightly  up  to  the  time  when  dissociation  is 
completed  (about  10  us).  This  is  consistent  with  the 
spectroscopic  observations,  which  have  shown  that 
the  gas  in  the  leader  channel  is  completely  dissociated 
in  the  last  4-5  )js  of  the  final  jump  (see  §  7.2). 

Around  9-10  |is  the  gas  température  has  reached 
values  large  enough  for  the  électron  density  to  be 
controlled  essentially  by  the  thermal  ionization 
(/^  =  (^th  (94))  :  the  ionization  degree  increases 

rapidly,  together  with  the  channel  conductivity 
(Figs.  98  and  99),  and  the  electric  field  starts  to 
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Fig.  97.  —  The  computed  températures  of  gas  molécules  (T^), 
positive  ions  (T+)  and  électrons  (T^),  in  the  leader  channel  during 
the  final  jump  :  ij  =  time  of  start  tg  =  time  of  breakdown. 
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électrons  to  heavy  particles  is  enhanced  ;  Ihe  électrons 
are  cooled  and  thc  positive  ions  are  heated.  At 
about  14  ns,  which  correspond  approximately  to  the 
time  /„  when  the  leader  tip  reaches  the  plane,  the 
equilibrium  between  T,,  T,  and  T„  is  reached  and 
the  local  thermodynamic  equilibrium  is  established. 

As  the  ionization  degree  increases,  together  with 
the  electron-ion  collision  frequency,  the  électron 
mobility  is  reduced  (eq.  (46))  and  the  résultant  electnc 
tteld  (eq.  (45))  is  increased  :  the  same  occurs  for  the 
channel  résistance  (Fig.  99). 

In  the  last  microseconds  before  <„,  the  température 
rise  is  very  fast,  leading  to  a  rapid  increase  of  the 
internai  pressure  of  the  channel  and  of  its  expansion 
velocity  (Fig.  100).  Only  in  this  last  phase  the  expan- 
sion velocity  becomes  larger  than  the  sound  speed 
and  a  shock  wave  is  launched  :  this  is  in  good  agree- 
ment  with  the  Schlieren  observations  and  with  the 
measurements  of  the  channel  conductance  (Fig.  90). 


Pig  98  _  The  computed  dissociation  degree  of  the  Oj  and 
molécules        and  d^^  respectively)  and  the  ionization  degree  (/), 
in  the  leader  channel  during  the  final  jump  :      =  time  of  start 
t„  =  time  of  breakdown. 


decrease.  In  the  mean  time,  a  large  fraction  ot  the 
energy  input  goes  into  ionization  losses  and  the  rate  of 
rise  of  the  température  slows  down  again.        ^  ^ 

When  the  ionization  degree  is  around  0 . 5  x  1 0  the 
electron-neutral  and  electron-ion  collision  frequen- 
cies  become  approximately  equal  and  the  energy 
flows  preferentially  from  électrons  to  the  ions,  better 
than  directly  to  the  neutral  molécules.  As  a  consé- 
quence, the  overall  rate  of  energy  transfer  from 
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Fig.  99.  —  The  computed  elec 
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Fig  100  —  The  computed  radius  (a),  internai  pressure  «z»,  » 
and  expansion  velocity  (O  of  the  leader  channel  during  the  final 
jump;  t.  =  time  of  start,  t„  =  time  breakdown. 


The  gênerai  behaviour  of  the  model  calculations 
presented  in  figures  97-100,  is  quite  consistent  with 
the  expérimental  results  and  estimâtes  presented  in 
§§7.1  and  7.2.  However  the  model  cannot  account 
for  the  return  stroke,  as  discussed  in  §  6  for  the  res- 
trikes  :  in  order  to  simulate  the  propagation  and 
the  affects  of  waves  of  potential  gradient  the  MaxwelFs 
équations  have  to  be  used  at  the  place  of  the  ohmic 
relation  for  the  electric  field  (eq.  (45).  The  model 
presented  in  §  6  can  be  applied  also  to  the  conditions 
of  the  leader  channel  at  the  end  of  the  final  jump  : 
the  différent  parameters  of  eqs.  (85)  can  be  derived 
from  the  presented  results,  and  the  return  stroke 
velocity  can  be  calculated.  It  results  of  the  order  of 
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2-3. 10**  cm/s,  in  satisfactory  agreement  with  the 
expérimental  observations  (Fig.  91). 

According  to  the  expérimental  voltage  oscillo- 
gram  (Fig.  85)  and  the  computed  values  of  the  electric 
field  along  the  leader  channel  at  the  moment  when 
the  leader  tip  reaches  the  plane,  the  potential  which 
is  short-circuited  at  time  and  launches  the  return 
stroke  results  of  some  hundreds  of  kilovolts.  The 
field  and  current  waves  are  consequently  very  large 
and  only  slightly  dumped  (almost  plane  waves).  The 
plasma  channel  is  already  fully  ionized,  and  the 
eflfect  of  the  field  and  current  wave  is  just  that  of 
rearranging  the  potential  distribution  within  the  gap 
and  establishing  the  current  régime,  which  corres- 
ponds to  the  spark  phase  and  which  is  essentially 
determined  by  the  characteristics  of  the  external 
circuit. 

Conclusions.  —  The  différent  expérimental  results 
and  theoretical  models  presented  in  this  paper  for 
the  difi'erent  phases  of  the  long  spark  development 
testify  the  large  steps  forward  which  have  been  taken 
by  the  research  on  the  physical  processes  which  govern 
the  breakdown  of  large  air  spacings.  Ail  thèse  pro- 
cesses combine  in  a  différent  way,  depending  on  the 
gap  length,  the  électrode  geometry  and  the  shape  of 
the  applied  voltage.  A  complète  breakdown  model, 


able  to  predict  ail  the  discharge  features  in  ail  the 
possible  practical  configurations,  is  up  to  now  not 
realistic.  However,  both  the  expérimental  observa- 
tions and  the  theoretical  simulations  have  given  a 
physical  background  to  semi-empirical  models  [57, 
106,  128-134]  which  can  predict  many  macroscopic 
breakdown  parameters,  useful  in  the  design  of  UHV 
and  EHV  transmission  Unes  and  in  the  insulation 
coordination.  Furthermore,  a  large  amount  of  the 
knowledge  gained  in  air  breakdown  can  gide  the 
research  on  the  behaviour  of  the  discharge  in  other 
gases  of  practical  interest,  particularly  the  electro- 
negative  gases  at  high  pressure,  which  présent  a 
relatively  large  dielectric  strength.  The  further  advan- 
cement  of  the  research  in  this  field  may  be  of  great 
help  in  the  gênerai  approach  to  the  economical  and 
environmental  impact  of  the  large  energy  transmission 
Systems  which  are  foreseen  for  the  next  future. 
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Abstract.  -  The  unde.tand.ng  or  the  te.pora.  behavio.  ^^^^^^^^ 

great  interest  under  gênerai  physical  aspects  as  wel  as  «^"^f  e  P^'"^™  fo„ow.ng  we  d.scuss  some  more 
l  short  survey  cor.cern.ng  the  -vest.gaUons  r^^^^^^^^^^  heTnvest£  n  the  électron  ensemble  both  at  the  field 
comprehens.ve  results  which  were  recently  obtained  '"y^^^^^^^^^^^  „f  temporal  decay  and  at  the  collision 

free  collision  dommated  relaxation  Thèse  studies  take  into  account  ail 

dominated  relaxation  in  a  plasma  wu^^^^^^^^^^^ 

main  colHsion  processes  us.ngreahsticfunct  ons  for  the^^^^^^       p  distribution  function  of  the 

The  results  were  attained  by  the  numencal  determmaUon  of  the        oP>c  Y  .^^^ 

électrons  and  resultmg  macroscopic  quantities.  In  '"^^J^^J .^^""J^^^^^^^  /ominated  plasmas  can  be 

temporal  relaxation  mechanism  of  the  électron  ^"^^^^^^  ^^ff^JJ^^,^^^^  as  the  jump-like  change  and  the 
gamed  for  many  différent  models  of  the  '^^^^^'^'""fl^l^^^^^^^  the  developed  sure  and  widely  apph- 

problems  grouped  around  the  relaxation  models  presented  here. 


1  Introduction.  -  There  is  a  lot  of  problems  whose 
solution  requires  a  realistic  description  of  non- 
stationary  States  of  a  homogeneous  non-isothermal 
collision  dominated  plasma.  Illustratmg  examples  are 
applications  of  ac-discharges  up  to  some  10  kHz  tor 
plasma  light  génération,  the  spécifie  techniques  of 
high  frequency  discharges,  the  afterglow  behaviour 
with  its  spécial  relations  to  the  study  of  severa  ele- 
mentary  processes  and  so  on.  On  the  other  hand 
there  is  a  widespread  interest  in  the  knowledge  ot 
relaxation  under  the  aspect  of  gas  laser  physics, 
optical  transient  processes  and  from  the  plasma 
Chemical  point  of  view. 

For  the  physical  understanding  of  the  temporal 
behaviour  of  plasmas  in  the  course  of  their  decay  or 
under  the  action  of  time-variable  fields,  or  in  gênera 
terms  during  the  temporal  transition  between  several 
States  of  the  system,  it  is  of  great  interest  to  mvestigate 
the  dominant  relaxation  processes  by  which  the  time 
dependence  of  the  macroscopic  plasma  properties  is 
determined.  A  detailed  microphysical  knowledge  ot 
thèse  processes  is  of  gênerai  importance,  and  more 
specifically,  it  makes  a  décision  possible  which  degrees 
of  freedom  of  the  components  can  be  trealed  as  being 
in  an  approximate  equilibrium. 

In  a  first  step  a  qualitative  classification  can  be 
given  for  bounded  plasmas  with  the  aid  of  some 
basic  time  constants  as  i,  ;  lypical  diffusion  deter- 
mined life  times  (for  instance  by  ambipolar  diffusion 
of  charged  particles  and  by  heavy  particle  diffusion 
of  the  main  excited  atoms  or  molécules),  t„  ;  the 


mean  life  times  of  the  excited  atoms  and/or  molécules 
(for  the  most  important  metastables  and  atoms  in 
the  résonant  states)  and  r,  :  the  électron  relaxation 
times  for  impulse  and  energy  transfer  to  the  heavy 
particles.  .  ,, 

The  values  of  thèse  time  constants  are  especially 
dépendent  on  the  pressure  of  the  heavy  plasma 
components.  If  we  présume  a  pressure  of  about  1  torr 
then  the  diffusion  times  will  possess  values  in  a 
range  of  roughly  one  order  of  magnitude  around 
one  millisecond  ;  those  of  the  life  times  t„  of  excited 
States  have  a  similar  variance  around  one  hundred 
microseconds  and  those  of  i,  around  some  tenths  ot 
microseconds. 

Furthermore,  if  t  désignâtes  the  characteristic 
time  constant  of  a  process  which  causes  the  temporal 
changing  of  the  plasma  —  for  example  the  temporal 
altération  of  an  electric  field  -  the  resulting  very 
différent  situations  dépend  primarily  on  the  relation 
of  T  to  the  other  time  constants  mentioned  before. 
For  instance  in  the  case  of  the  action  of  a  periodical 
electric  field  the  resulting  degree  of  modulation  of 
the  macroscopic  quantifies  as  the  électron  density 
the  mean  électron  energy,  the  concentration  ot 
excited  atoms  etc.  will  be  very  widely  due  to  the 
différent  orders  of  magnitude  of  t. 

In  this  connection  some  additional  remarks  appear 
to  be  necessary  :  the  classification  scheme  given  is 
only  a  rough  one.  For  the  investigation  of  the  plasma 
in  each  spécifie  time  range  a  furthcr  sub-classification 
of  the  basic  time  constants  mentioned  is  necessary 
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because  several  processes  with  their  own  characte- 
ristic  time  constants  are  often  involved.  As  repré- 
sentative examples  suffice  it  to  mention  here  the 
dissociation  process  via  the  vibrational  states  of 
molécules  by  eV-,  VV-  and  Fr-exchange  [1,2]  and 
the  dynamic  behaviour  of  column  plasmas  as  res- 
ponse  to  external  disturbances  [3]. 

Though  there  are  still  other  examples,  from  the 
plasma  chemical  point  of  view  the  chemical  relaxation 
time  of  a  chemical  reaction  can  also  play  an  impor- 
tant rôle;  its  magnitude  compared  to  the  other 
characteristic  times  mentioned  is  essential  e.g.  for 
answering  the  question  if  the  classical  Arrhenius 


chemistry  is  applicable  or  if  the  non-equilibrium 
kinetics  has  to  be  used  [4,  5]. 

Next,  for  the  energy  input  in  the  plasma  by  any 
electric  field  the  électron  component  is  of  basic 
importance  because  the  energy  transfer  takes  place 
via  this  ensemble  to  the  heavy  components,  which 
'are  the  source  of  light  or  the  initial  material  of  spécial 
chemical  reactions  etc.  From  this  point  of  view  we 
can  expect  that  in  the  first  stage  each  relaxation 
response  of  the  plasma  after  a  perturbation  in  the 
electric  field  is  dominantly  determined  by  temporal 
changes  in  the  électron  component  because  of  certain 
high  speed  processes  resulting  from  the  small  inertia 


Method 


Gas 


Field  free  decay         Bayet,    Delcroix,  Denisse 
[11] 


Schuler  a.o.  [12] 
Holway,  Jr.  [13] 

Kahalas,  Kashian  [14] 
Osipov[15] 

Eaton.  Holway,  Jr.  [16] 
Wright  [17] 
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Winkler  [20] 
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Wagner  a.o.  [29] 
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of  the  électrons.  In  many  cases  altcralions  prnnanly 
connected  with  the  greater  inertia  of  the  heavy 
particles  will  not  become  noticeable  before  this  point 
The  subséquent  remarks  are  devoted  to  the  temporal 
behaviour  of  the  électron  component  withm  the 
discussed  short  first  time  period  on  the  basis  ol  the 
non-stationary  Boltzmann  équation.  Some  efiorts 
were  undertaken  after  World  War  II  to  attack  perti- 
nent problems  under  several  points  of  view  and  with 
différent  methods. 

First  we  may  mention  here  the  well  known  work 
of  Margenau  [6],  S.  C.  Brown  [7],  their  coworkers 
and  others  who  investigated  the  behaviour  of  high 
frequency  discharges  by  means  of  kmetic  theory 
and/or  measurements.  Thèse  investigations  are  dealing 
primarily  with  such  spécifie  aspects  of  the  plasma 
properties  in  microwave  fields  as  the  electric  conduc- 
tivity  the  break  down  behaviour  etc.  For  this  purpose 
the  électron  distribution  function  is  developed  not 
only  in  Legendre  polynomials  related  to  the  velocity 
space  but  also  in  a  Fourier  séries  in  time.  Especially 
a  frequency  range  is  covered  in  which  only  a  non- 
stationary  évolution  of  impulse  transfer  and  there- 
fore  also  only  such  one  of  the  anisotropic  part  of  the 
distribution  function  occur  whilst  there  is  a  nearly 
time  independent  energy  transfer  due  to  the  colli- 
sions and  as  a  resuit  practically  no  altération  of  the 
isotropic  part  during  one  cycle  because  of  the  high 
frequencies  considered.  Furthermore  some  research 
has  also  been  donc  to  describe  more  in  détail  the 
génération  of  higher  harmonies  of  the  distribution 
function  —  particularly  of  its  anisotropic  part  —  m 
wide  frequency  ranges  of  field  and  collisions,  usmg 
the  same  kinetic  basis  [8]. 

Moreover,  we  would  like  to  mention  the  research 
work  done  by  Parker  and  Lowke,  Lucas,  Skullerud 
as  well  as  by  others  [9]  on  the  space-time  development 
of  an  électron  swarm  based  on  the  Boltzmann  équa- 
tion or  Monte  Carlo  simulations.  Finally  the  investi- 
gation of  the  time  évolution  of  the  distribution  function 
in  a  beam-excited  field  free  Xe  and  Ar  laser  discharge 
by  Elliot  and  Greene  [10]  is  worth  mentionmg  m 
this  context. 

In  the  following  we  refer  to  collision  dominated 
plasmas  with  low  and  médium  degrees  of  ionization. 
In  thèse  the  relaxation  of  the  électron  component  is 
determined  by  energy  and  impulse  transfer  from  the 
électrons  to  the  atoms  and/or  molécules  which  is 
realized  by  collisions.  The  main  processes  under 
this  aspect  are  the  elastic  and  the  inelastic  collisions 
—  such  as  excitation  and  dissociation  —  between 
électrons  and  the  heavy  particles.  In  addition,  with 
increasing  ionization  degree  also  the  Coulomb  inter- 
action, especially  among  the  électrons,  gains  a  remar- 
kable  influence  particulary  on  the  interchange  of 
energy  between  the  électrons  of  the  différent  energy 
ranges  and  thus  indirectly  on  the  energy  transfer 
from  the  électrons  to  the  atoms.  Furthermore,  in 
certain  gases  there  are  also  other  kinds  of  collisions 


which  can  win  an  additional  influence  on  the  relaxa- 
tion processes,  for  example  attachment  in  the  case 
of  electronegative  gases  or  the  recombination  of 
électrons  and  ions  with  growing  degree  of  ionization. 
Because  of  the  numerous  kinds  of  possible  collision 
processes  we  will  confine  ourselves  to  plasmas  with 
sufficiently  low  ionization  degrees  and  theretore, 
besides  the  influence  of  an  electric  field,  to  the  action 
of  elastic  and  inelastic  collisions.  Also  the  main 
properties  of  the  temporal  development  and  the 
relaxation  mechanism  of  the  électron  component 
can  be  understood  already  from  studies  of  mert  gas- 
plasmas.  ^ 
Under  thèse  aspects  those  former  works  are  ot 
interest  in  which  particular  attention  is  given  to  the 
temporal  energy  relaxation  by  collisions.  Spécial 
problems  are  the  decay  or  in  broader  terms  the 
temporal  transitions  between  différent  states  as  well 
as  the  periodic  behaviour  and  also  its  adjustment. 

We  may  mention  here  a  number  of  papers  based 
on  the  kinetic  approach  (*),  being  roughly  classified 
in  the  table  I.  ■  ,  ■  i 

-  Most  of  the  cited  publications  with  numencai 
results  are  restricted  to  elastic  collisions  or  to  spécial 
models  of  inelastic  collisions  with  the  exception  of 
the  papers  [25,  26]  and  [27],  in  which  exciting  collisions 
are  also  included. 

In  the  following  we  will  discuss  some  more  compre- 
hensive  results  which  were  recently  obtained  in  the 
investigations  both  of  the  field  free  collision  domi- 
nated relaxation  in  the  afterglow  durmg  the  first 
period  of  temporal  decay  and  of  the  collision  domi- 
nated relaxation  of  the  électron  ensemble  in  a  plasma 
with  additional  heating  by  an  electric  field.  Thèse 
calculations  take  into  account  ail  mam  collision 
processes,  using  realistic  functions  for  the  energy 
dependence  of  the  correlated  collision  cross  sections 
The  results  were  attained  by  the  determmation  ot 
the  isotropic  velocity  distribution  function  of  the 
électrons  and  resulting  macroscopic  parameters.  In 
this  way  a  physical  understanding  of  the  macroscopic 
properties  is  attained  on  the  basis  of  kinetic  theory. 
It  is  also  possible  to  gairi  an  iUustratmg  qualitative 
insight  into  the  temporal  occurrences  with  the  aid 
of  defined  and  numerically  determined  characteristic 
relaxation  times,  though  we  are  not  in  a  position 
here  to  présent  such  a  concept  in  détail  because  ol 
the  limited  time. 


2  The  theoretica!  background.  —  Basis  of  the 
électron  kinetics  of  a  non-stationary  anisothermal 
weakly  ionized  plasma  under  the  above  mentioned 
aspects  described  by  a  kinetic  équation  is  the  Boltz- 
mann équation,  in  which  we  consider  elastic  and 

(*)  The  papers  use  the  Boll/mann  équation  or  Monte  Carlo 
methods.  Besides  this  there  are  investigations  applying  balanee 
équations;  also  relaxation  processes  due  to  Coulomb  interaction 
only  are  not  within  the  scope  of  our  considérations. 
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inelastic  collisions.  In  the  Lorentz  approximation  the  tion  in  the  Legendre  polynomials  leads  to  the  équation 
usual  development  of  the  velocity  distribution  func-  System 


k     Po  k 


du  Po 


Uk,  0  =  0, 
{\a,b) 


in  which  the  transformation  to  the  volt  équivalent  of 
the  momentary  energy  was  performed  in  conformity 
with  e^U  =  mv^/2. 
Here  f  and  J\  are  according  to 

f{U,l)  =  2  7t(2  ejm)'i'  /o[Kt/),  T/Po]/«.(7  =  0)  , 

UU,  t)  -  2  71(2  ejmf'^  J\\y{U),  ///?o]/«.(?  =  0) 

the  normalized  isotropic  and  the  first  anisotropic 
part  of  the  distribution  function. 

From  the  normalized  function  /  the  électron  con- 
centration n^{t)  is  determined  by  the  expression 


=  «,(0)      U"^fiU,t)dU.  (3) 

Furthermore 

vjpo  =  (2  eolmY"  (E/po)  H/U'")  , 
vJPo  =  (2  eo/myi'  U'"     Q,{U) ,  (4a,  b,  c) 
^klPo  =  Qejmyi^  U'i'n^Ql"{U) 

represent  the  characteristic  frequency  for  the  action 
of  the  electric  field  and  the  collision  frequencies  for 
impulse  transfer  and_for  the  inelastic  processes  res- 
pectively.  Finally  E{t)  is  the  homogeneous  electric 
field,  QaiU)  and  Qr(U)  are  the  total  cross  sections 
for  impulse  transfer  _and  for  the  différent  inelastic 
collision  processes,  t  =  p^t  the  normalized  time, 
Po  the  time-independent  pressure  of  the  neutral 
atoms  related  to  0  °C,  the  atom  concentration  at 
1  torr  and  0  "C,  U^  the  threshold  potentials  of  the 
several  inelastic  processes.  Because  of  the  spécial 
binary  collision  processes  between  électrons  and 
atoms  considered  here  the  introduction  of  such 
normalized  time  scale  /  becomes  possible  and  in  the 
same  way  we  thus  obtain  normalized  relaxation  times. 

In  {\b)  we  have  as  usual  neglected  the  unimportant 
terms  of  the  inelastic  collisions. 


2 . 1  The  field  free  case.  —  Under  the  condition 
£  =  0  the  eqs.  {\a,b)  for  /  and  are  not  connected 
with  one  another  and  can  be  handled  separately. 
Eq.  {\b)  for  the  anisotropic  part is  reduced  to  a 
simple  usual  differential  équation  of  first  order  with 
the  momentary  energy  U  as  parameter  [30]  ;  thus  the 
solution  can  be  found  only  if  an  initial  function 
at  ?  =  0  is  given.  On  the  other  hand  (la)  is  simplified 
to  a  partial  differential  équation  of  first  order  for 
/  with  additional  difference-terms  due  to  the  ine- 
lastic collisions.  The  temporal  behaviour  of  /  has  a 
unique  solution  in  the  ranges  of  ?  ^  0  and  C/  ^  0  if 
an  initial  distribution  at  the  moment  7=0  and  the 
boundary  condition 

Jim  J\U,  0  =  0  (5) 

for  ail  t  are  given  ;  the  latter  condition  foUows  from 
the  fact  that  the  distribution  function  can  in  prin- 
ciple  be  normalized.  The  concentration  and  energy 
balances,  consistent  with  (la),  are  obtained  by  inté- 
gration over  U  from  0  to  oo  and  by  such  intégration 
after  multiplication  with  U  respectively  in  the  form 

4«.(0  =  0, 
dt 

-i  17(7)  +  lJXt)lpQ  =  0  ,  (6û,  b,  c) 
dt 


u,{t)/p,  =  u%)ip,  +  X  t/r(0/>o  • 


u  means_the  volt_equivalent  of  the  mean  électron 
energy,  t/'-''  and  U'i"  the  volt  équivalents  for  the 
energy  losses  by  elastic  and  the  différent  inelastic 
collisions  normalized  per  one  électron  and  time  unit 
and  accordingly  U^  désignâtes  the  total  energy  loss 
by  collisions. 

Especially  for  thèse  quantities  there  are  the  rela- 
tions 
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c7(7)  =  j   u'"  Jiu,l)du, 

J  0 


U,  t)dU  , 


Ça-d) 


f  r  ih.  L'  th  inelastic  col-  In  order  to  solve  this  System  of  partial  differential 

with  vr  as  the  frequency  for  the  A-th  melastic  col  in  _^  ^^^^^^      ^^^^^^^^  ^^^^^^^^ 

lision  process.  temporal  altération  of  the  isotropic  and  the  aniso- 

thk  tropic  part/ and  y:4. 

?  ?  NON-VANISHING   ELECTRIC    FIELD.    —    in  tniS 

case  th^^s T™)  are  connected  wi,h  o„=  another.        Ne«  there  are  the  relat.ons 


2(m/A/)  (iî,;p„)  4  vj/p„    for   0  «  t/  «  .  (g^^ 

2(m/M)(v,W4lîî"*o-«  'VPo    for    V  >  W,U„ 
whrch  are  reahzed  nearly  for  ail  gases.  A  de.aiied  qualitative  discuss.on  of  the  equatio.  System  (1..  *)  shows 
that  using  the  supplementary  condition 

\l{Elpoy^{E{7)IPo)  <  UU)IPo  ^^'^ 

solution  of  (\h)  is  reduced  under  the  given  conditions  (8)  to 

~  anrin  V£(t/,7)//Jo         S     r(jj  -^.(\    _  ^-MV)llPo\  (9) 

y,(^,/)-y.(f/,o)e--'^>"-  +  ^^^^^/(t^'0(i    e  ) 

/Y// 7^  Therefore  instead  of  (1/7)  its  quasi-stationary  approximation  can  be  used.  ... 
I  we  sup/r  J^r^^^^^        investigation  that  the  characteristic  frequency  for  the  fîeld  altération  is  a  ways 


terms 

d 


(1/^(^/2  .o)"^  ^''Yjf'  ih'^nl){E(l)lpor{UIQ,m  —  f- 
-  ^\!^nl}(E!p,f-^(UIQ^  +  2(m/M)  ^'Q^-^f 

\    M  du  *  j 

In  (10)  EiOlpo  'S  the  only  plasma  parameter  deter-  A  deta.led  discussion  suggests  to  apply  the  condi- 
mining  the  temporal  behaviour.  t'O"  [-^'1 

Now,  in  the  same  range  ;  ^  0  and  f/  ^  0  the  unique  _  _ 

solution  of  (10)  requires  an  additional  boundary  lim  _ /(i;, /)  =  0    for    t^O  (H) 

condition  at  f/  =  0  in  relation  to  the  field  free  case.  ^' 
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i.e.  that  for  a  nearly  arbitrary  behaviour  of  for 
U  ^  0  the  field  term  does  not  represent  a  source 
of  électrons  in  the  concentration  balance  {6a). 

Applying  this  additional  boundary  condition,  we 
obtain  the  same  concentration  balance  (6a)  but  instead 
of  (6h)  the  generalized  form  of  the  energy  balance 

^U=  V,lp^-  Ujpo.  (12) 
dt 

H  ère 

Vy(i)/po^  PoME/Po)'  (13) 

is  the  normalized  energy  input  from  the  electric 
field  per  électron  and  per  time  unit  with  the  électron 
mobility  b^,  due  to 

p,b,Xl)  =  -  (2ejmy^'~^   ^  Jû^  "^^-  ^^^^ 


3.  Review  of  the  temporal  relaxation  of  the  électron 
distribution  function  and  of  characteristic  macroscopic 
parameters.  —    3.1  Relaxation  in  a  temporally 

DECAYING  PLASMA  WITHOUT  HELD  HEATING.  —  With 

£■  =  0  the  solution  of  (Ib)  gives 

UI^J)  -./:4(t/)e--'>»  (15) 

with  f^iU)  as  an  arbitrary  initial  distribution  for  the 
anisotropic  part.  We  observe  that  the  anisotropy 
decays  exponentially  with  the  frequency  Vj{U)/Pq  in 
the  normalized  time  /. 

Starting  for  instance  from  a  stationary  state  in  the 
column  plasma  of  a  usual  glow  discharge  and  assuming 
typical  values  for  the  diffusion  cross  section  of  10" 
to  10"'-^  cm'^,  the  anisotropic  part  is  markedly 
damped  down  within  some  10  ''torrs.  Because  of 
the  relation 

;(ô  =  3(^^y  j  uuu,l)du  (16) 

for  the  particle  current  density  of  the  électrons 
practically  the  same  short  relaxation  time  results 
also  for  the  electric  current  of  the  glow  discharge 
plasma. 

Such  situation  is  realized  for  instance  after  a  jump- 
like  switching  off  of  the  electric  field  in  a  stationary 
plasma. 

For  the  same  kind  of  decay  the  temporal  évolution 
of  the  isotropic  part  /  was  investigated  [30,  32]  in  the 
inert  gas  neon  and  the  molecular  gas  hydrogen  in 
order  to  illustrate  the  gênerai  behaviour.  (la)  is  reduced 
to  a  partial  differential  équation  of  first  order  with 
différence  terms. 

As  initial  condition  we  choose  the  stationary  iso- 
tropic distribution 

f{Uj=  0)  =  ./,[t/,  {E/p^h,] 


Fig.  1/;. 


existing  at  /  =  0  which  characterizes  the  moment  of 
switching  off  the  field.  The  numerical  solution  was 
performed  with  the  aid  of  a  finite  différence  method 
using  centered  second-order-correct  différence  ana- 
logs.  The  concentration  and  energy  balance  (6a,  b), 
consistent  with  the  applied  kinetic  équation,  were 
used  to  control  the  précision  of  the  calculated  iso- 
tropic distribution.  Figures  la,  b  show  the  temporal 
development  of  the  isotropic  distribution  as  function 
of  U  with  t  as  parameter  performed  for  a  neon  plasma, 
where  we  described  the  exciting  collisions  by  a  lumped 
State  with  a  threshold  energy  of  =  16.6  V.  The 
figures  are  related  to  the  two  différent  states  deter- 
mined  by  (E/p^X,  =  5  and  0.3  V/(cm  torr).  Thèse 
initial  stationary  states  are  characterized  by  pre- 
vailing  energy  losses  due  to  exciting  or  elastic  colli- 
sions. It  can  be  seen  that  the  first  part  of  the  decay 
is  determined  first  of  ail  by  the  energetic  situation  in 


IN  KINI  TIC    1)1  SC  KII'TION  Ol  NON 
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the  initial  slalc  whcrc  thc  licld  is  sw.lchcd  oll.  Il 
this  State  is  dominantly  determined  by  cncrgy  lossts  - 
owing  to  exciting  collisions  (Fig.  le/)  at  Insl  only  a 
quick  damping  of  the  tail  takes  place  during  a  charac- 
teristic  time  of  *  10  «  Ion  s  for  a  noticeable  tem- 
poral altération.  The  dépopulation  of  the  high- 
energy  range  is  fmished  within  *  3  x  10  torr  s. 
Then  the  relaxation  is  continued  via  the  further 
thermalization  of  the  distribution  only  by  ^elastic 
collisions  with  a  characteristic  time  of  ^  10  ^^«rr  s 
for  a  noticeable  change.  In  the  second  case  (Fig.  1^) 
the  initial  distribution  is  essentially  restncted  to  the 
energy  range  where  only  elastic  collisions  occur; 
therefore  a  noticeable  altération  of  the  distribution 
is  found  in  the  characteristic  time  *  10  torr  s 
because  now  exciting  collisions  are  insignificant. 

Because  of  the  very  différent  atomic  data  of  mole- 
cular  hydrogen  compared  to  those  of  the  mert  gas 
neon  also  a  very  différent  relaxation  behaviour  ot 
the  distribution  function  in  hydrogen  results.  In 
figures  2a.  h  the  time  development  ot  th.s  tunction  is 
presented  for  the  initial  field  strengths  (£/Po)s,  -  23 
and  10  V/(cm  torr). 

Performing  the  calculation,  we  used  the  main 
collision  cross  sections  of  vibrational  excitation,  of 
electronic  excitation  for  singulet  and  tnplet  levels 
and  of  ionization,  moreover  the  diffusion  cross 
section  for  elastic  collisions  [33].  As  it  can  be  seen 
from  figure  2a  there  exists  a  varied  relaxation  beha- 
viour in  the  energy  range  from  0.5  to  «  9V  ot 
marked  vibrational  excitation  and  in  the  range 
greater  than  ;^  9  V  of  electronic  excitation  and 
ionization.  Whereas  the  characteristic  time  for  noti- 
ceable decay  of  the  distribution  amounts  to 
«  10-^  torr  s  in  the  latter  range  we  find  such  a 
characteristic  time  of  *  lO'^torrs  for  the  fïrst 


range.  This  characteristic  time  of  lO'"  torr  s  can  be 
observed  also  from  figure  2h  where  for  the  decay 
particularly  the  vibrational  excitation  is  significant. 
Furthermore  we  would  like  to  emphasize  that  the 
characteristic  decay  times  obtained  for  hydrogen  are 
shorter  by  orders  of  magnitude  compared  to  those 
in  the  neon  plasma,  which  is  primarily  due  to  the 
différences  in  the  atomic  data. 

3  2  Relaxation  in  a  plasma  with  field  heating. 
—  In  the  cases  considered  in  the  previous  section  the 
relaxation  processes  proceed  without  energy  input  by 
an  electric  field  so  that  the  temporal  development  ot 
the  isotropic  distribution  and  thus  of  the  macroscopic 
behaviour  always  leads  to  a  monotonous  energy  loss 
of  the  électron  component  and  therefore  causes  a 
thermalization  effect.  A  more  complicated  situation 
wiU  resuit  if  in  addition  an  electric  field  acts  on  the 
électrons.  Then  the  temporally  successive  states  will 
be  determined  by  two  competing  processes,  the 
momentary  energy  input  from  the  electric  field  and 
the  energy  losses  by  the  différent  kinds  of  collisions. 

From  the  point  of  view  presented  at  the  beginning 
of  the  paper  there  exist  several  problems  which  are 
of  gênerai  interest  ;  for  instance  the  question  how 
the  transition  is  performed  to  a  stationary  state 
which  is  determined  by  a  time  independent  value  of 
the  electric  field  and  produceé  for  example  by  a 
sudden  jump  in  the  field.  It  is  further  of  some  impor- 
tance to  understand  the  behaviour  in  continuous 
time  dépendent  fields.  In  particular  it  is  useful  to 
explain  the  state  behaviour  in  aperiodical  and  perio- 
dical  electric  fields  in  dilVcrcnl  siU.ations  according 
to  diverse  conditions  of  p;iiamclcrs. 

Besides  the  praclical  aspects  ol  such  questions  it 
seems  of  physical  interest  to  identify  the  dominant 
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relaxation  processes  under  varied  parameter  condi- 
tions and  thus  to  provide  a  detailed  understanding 
on  a  kinetic  basis  including  the  différent  time  constants 
which  characterize  them.  In  addition  to  the  field  free 
decay,  where  we  used  characteristic  times  for  noti- 
ceably  altering  the  distribution,  now  a  characteristic 
time  for  the  adjustment  of  the  final  state  gains 
increasing  interest,  for  instance  the  adjustment  of  a 
stationary  state  or  of  the  periodical  behaviour. 
Moreover,  it  is  important  to  détermine  the  limits  of 
the  characteristic  time  for  noticeable  altérations  of 
the  electric  field  at  which  the  instationary  behaviour 
of  the  électron  component  changes  to  a  quasi-statio- 
nary  variation  in  the  given  field  or  to  the  other  extrême 
case  of  a  slow  time  dépendent  behaviour  of  the  quan- 
tities  in  rapidly  varying  fields  compared  to  the  field 
altération. 

Many  of  the  questions  mentioned  here  concerning 
the  relaxation  of  the  électron  component  in  a  weakly 
ionized  plasma  can  already  be  clarified  via  the  inves- 
tigation of  an  inert  gas  plasma  with  its  more  simple 
structure  according  to  the  collision  processes.  In  the 
last  years  a  sure  and  a  widely  applicable  method 
was  developed  [31]  to  obtain  a  very  précise  solution 
of  eq.  (10)  as  an  initial-boundary  value  problem  for 
différent  parameters.  In  order  to  perform  the  cal- 
culation  of  the  isotropic  distribution  a  generalization 
of  the  Crank-Nicolson  difference-method  has  been 
used  including  an  itérative  treatment  of  the  supple- 
mentary  différence  terms  resulting  from  the  inelastic 
collisions. 

In  the  following  sections  we  will  discuss  results 
obtained  in  solving  some  of  the  mentioned  problems. 

3.2.1  Relaxation  a/ter  a  jump-like  change  of  the 
electric  field.  —  At  first  we  discuss  some  results  [31 ,  34] 
concerning  this  case,  which  allows  a  physical  under- 
standing of  the  relaxation  mechanism  and  the  main 
reasons  which  détermine  the  characteristic  times  for 
the  adjustment  t,  =      x,  of  the  final  new  stationary 


state._For  this  we  présent  besides  the  distribution 
/(t/,  t)  first  of  ail  the  timejdevelopment  of  two  quan- 
tities,  the  mean  energy  U{t)  described  by  {la),  which 
characterizes  the  électrons  in  the  bulk  of  their  dis- 
tribution and  the  normalized  lumped  frequency  of 
exciting  collisions  v^(0//?o-  The  latter  is  a  spécial 
case  of  (Id),  because  we  want  to  confine  ourselves 
primarily  to  inert  gas  plasmas,  where  in  certain  cases 
we  can  work  with  such  a  summarized  excitation 
level,  v^.  characterizing  the  high  energy  tail  of  the 
distribution.  Besides  this,  two  other  quantities  are 
very  helpful  for  physical  understanding,  the  energy 
transfer  relation  and  the  energy  loss  quotient  R^ 
which  in  conformity  with  (13)  and  ÇJb,  c)  are  des- 
cribed by 

R,Û)  =  U,/U, ,    RXO  =  f7'--V((7'-i  +  Ï7^)  .  (17) 

The  first  term  compared  the  energy  input  from  the 
electric  field  with  the  total  energy  loss  by  collisions 
and  is  therefore,  according  to  the  energy  balance  (12), 
représentative  for  the  degree  of  the  non-stationarity. 
The  second  quantity  describes  the  ratio  of  the  energy 
loss  by  elastic  collisions  to  the  total  energy  loss  by 
both  types  of  collisions. 

Our  investigations  were  performed  in  neon  plasma 
using  the  well  known  data  on  the  cross  sections.  We 
always  started  with  the  stationary  distribution  deter- 
mined  by  {E/pq\  which  represents  the  electric  field 
before  momentary  switching  to  the  new  value  {E/Po)f 
As  représentative  examples  we  consider  the  transi- 
tions in  table  II. 

Table  II. 

(Elpo\  [V/(cm  torr)]  iE/po)f  [V/(cm  torr)] 

10    (0.0092)  1 
2  (0.116) 

0.6  (0.866)  ^  1(0-408) 

0.3  (1.000)  J 
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The  numbers  in  brackcls  are  the  values  of  R,  for 
the  stationary  initial  and  final  states,  in  each  case 
déterminée!  by  {E/p,).  It  can  be  seen  that  the  initial 
States  vary  from  such  ones  determined  dominantly 
by  energy  losses  due  to  exciting  collisions  to  those 
determined  by  elastic  losses.  On  the  other  hand  the 
final  State  is  characterized  by  nearly  equal  elastic 
and  exciting  energy  losses. 

In  figure  3  we  can  see  the  time  altération  of  the 
distribution  function  determined  by  the  chosen  tran- 
sition from  {EIPo)i  =  10  V/(cm  torr)  to 

{EIPo)f  =  1  V/(cm  torr)  . 
Due  to  the  great  field  heating  in  the  initial  stationary 
State  immediately  after  the  jump-like  decrease  of  the 
field  a  marked  dépopulation  of  the  high  energy  tail 
takes  place,  noticeable  already  at  normalized  times 
of  «  10-norrs.  This  behaviour  is  caused  mainly 
by  the  action  of  the  exciting  collisions.  The  whole 
relaxation  process  is  finished  within  some  10  torr  s^ 
Figures  4a,  b  show  the  time  development  of  U  and 
V  //7„  and  figures  5a,  b  that  of  the  energy  transfer 
relation  R,  and  the  energy  loss  quotient  /?,  as  function 
of  the  time  7.  It  should  be  emphasized  that  despite 
very  diverse  stationary  initial  distributions  ail  tran- 
sitions to  the  new  state  are  realized  in  nearly  the 
same  time  of  4-7 .10^^  torr  s.  Generalizing  this  resuit 
we  have  verified  that,  starting  from  différent  sta- 
tionary initial  distributions,  the  charactenstic  time 
for  each  adjustment  of  a  new  stationary  State  is 
dominantly  determined  by  the  spécial  situation  m 
the  energy  loss  due  the  différent  kinds  of  collisions 
in  the  final  state  and  is  nearly  independent  of  the 
spécifie  initial  stationary  distribution. 

In  order  to  overlook  the  range  of  altérations  ol 
the  adjustment  times,  which  is  rather  wide  due  to 
broad  changes  in  the  parameter  (£/Po)/  of  ^^^] 
States  we  discuss  some  results  which  are  presented 


I 


C7-260 


J.  WILHELM  AND  R.  WINKLER 


10'^ 

o' 

:             \  / 

oo 

10-* 

— 108 

_  ^^N^  lÛc'Polst/ 

lo-' 

-  (Ûc/Polst     \              \  / 

[îlrrs] 

f 

-[Vs-jTorr-1]     \  \^ 

t 

10-5 

—  10' 

10-2 

10-6 

—  10^ 

:  -  Y 

10-3 

10-7 

-105 

/  \ 

-        /  lE/po),  [wlcmTorrl] 

10-8 

10  * 

i/  il     1  1 

lO"'  10°  10' 


Fig.  6. 


in  figure  6  and  describe  several  transitions  to  new' 
stationary  states.  The  values  of  (f/po)/  used  for  the 
final  States  cover  a  range  of  field  strengths  which  are 
of  interest  for  many  column  plasmas.  We  can  observe 
that  the  adjustment  time  t,  changes  by  nearly  four 
orders  of  magnitude  due  to  the  very  différent  energy 
transfer  situations  in  the  final  states  caused  by  the 
collision  processes.  Thèse  values  of  can  be  taken 
for  example  from  the  adjustment  of  the  energy 
transfer  relation  Rp{t)  towards  the  value  1  of  the 
stationary  state  for  the  diff"erent  transitions  presented 
in  the  figure  7. 


•  lO-aS   .-7[Torrs] 
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Additionally,  in  figu_re  6  the  values  of  the  total 
energy  losses  per  sec  (f/,/Po)st  the  final  stationary 
states  are  given,  which  illustrate  that  the  decrease  of 
the  adjustment  time  is  related  to  an  increase  in 
(6/,,/Po)si  of  nearly  the  same  order. 

From  the  energy  loss  quotient  in  the  final  state 
also  presented  in  figure  6  we  can  see  that  the  greatest 
altération  in  the  adjustment  time  takes  place  in  the 
range  where  the  transition  is  performed  from  the 
states  dominantly  determined  by  elastic  collisions  to 
such  determined  by  exciting  collisions.  In  neon  this 
région  is  approximately  given  by 

0.5  V/(cm  torr)  ^  {E/Po)f  ^  3  V/(cm  torr) 

as  illustrated  in  figure  6  by  the  course  of  the  energy 
loss  quotient  in  dependence  of  (£'//?o)/-  However 
at  lower  as  well  as  higher  (E/pq)j-  values  there  are 
still  further  but  smaller  changes  in  the  adjustment 
time.  At  thèse  values  the  energy  losses  are  realized 
almost  exclusively  via  one  kind  of  collision  process. 
The  strong  altération  of  the  adjustment  time  can  be 
explained  qualitatively  with  the  fact  that  the  energy 
transfer  per  électron  becomes  increasingly  more 
efficient  with  growing  {E/pq)^.  On  the  one  hand  with 
increasing  {E/pq)^  the  électrons  transfer  a  higher 
amount  of  energy  to  the  neutral  atoms  in  elastic 
collisions.  On  the  other  hand  in  neon  above 

{E/po)f  *  0.5  V/(cm  torr) 

the  exciting  collisions,  which  are  much  more  effective 
than  the  elastic  collisions  because  at  least  the  thresbold 
energy  is  lost  per  one  collision,  gain  more  and  more 
importance.  This  can  be  distinctly  recognized  from 
figure  8,  where  some  selected  stationary  distribution 
functions  are  shown  which  illustrate  the  extraordi- 


1,,KISS  IN  K 


INI  TIC  DI  SC  KII'TION  Ol    NON-STA I  ION AR Y  BliHAVIOUR  Ol-  liLHCTRON 


latily  diflerent  population  of  électrons  in  their 
jnergy  space  for  différent  electric  field  strengths 

{E/PoU  (*)  • 

The  observed  dependence  of  the  adjustment  tinie 
will  be  valid  even  if  we  do  not  start  from  stationary 
States  correlated  to  {E/po\  but  from  another  initial 
distribution  according  to  a  spécial  physical  situa- 
tion [32].  To  illustrate  this  with  a  représentative 
example  we  applied  initial  distribution  functions  of 
the  form 

^'^"^^     y2^(2«+l)!!  t/--^/^> 
P  «  ^  0  (18) 

which  becomes  a  Maxwellian  distribution  for  «  =  0  ; 
for  greater  n  more_  beam-like  distributions  around 
the  mean  energy  U  resuit.  In  figure  9,  besides  the 
initial  stationary  distribution  at 

{E/po)i  =  0.5  V/(cm  torr) , 
distributions  according  to  (18)  for  n  =  0.3  and 
10  with  the  same  mean  energy  are  shown.  Despite 
the  very  diverse  initial  distributions  we  found  in 
each  case  nearly  the  same  adjustment  time  in  which 
the  same  final  state  was  reached. 


I  NSI  MBl.I 


Fig.  lOa. 


Finally,  we  will  make  a  short  remark  concerning 
the  dependence  of  the  adjustment  time  on  atomic 
data  such  as  the  différent  magnitude  of  cross  sections 
and  atom  mass  in  différent  gas  plasmas.  In  figuresJOa,/? 
you  can  see  the  évolution  of  the  mean  energy  U  and 
the  lumped  excitation  frequency  vjpo  for  the  same 
transitions 

(*)  In  [25]  a  similar  sensilive  dependence  of  this  adjustment 
time  on  the  nomialized  electric  field  strength  (/:7>o)r  '^e  final 
stationary  state  was  found  by  Monte  Carlo  investigations  in  a  He 
plasma. 


(E|po)f  [v/(cml 
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Table  III. 

(£//?o),  [V/(cm  torr)]  {Elp^)f  [V/(cm  torr)] 

I  3 
5  1 
1  0.2 


for  Ne  as  well  as  Ar  [35].  Indeed  there  are  considé- 
rable changes  in  the  values  of  the  adjustment  time, 
especially  for  the  first  two  transitions  where  diffé- 
rences of  about  one  order  of  magnitude  for  the  two 
considered  gases  resuit.  This  dependence  of  the 
adjustment  time  can  be  explained  first  and  foremost 
by  the  great  différences  in  the  energy  transfer  situa- 
tion for  the  two  gases  at  the  same  field  strength 


during  the  normalized  time  [36].  Next  we  discuss 
the  results  of  the  calculations  performed  for  the 
parameters  of  the  following  table.  In  figure  lia  the 
temporal  development  of  the  summarized  frequency 
VeiO/Po  for  exciting  collisions  is  presented  for  Ne  as 
full  lines.  Curve  parameter  is  the  normalized  time 
for  adjustment  of  the  final  value  of  the  electric 
field. 


|1E/P„lc0,35\*m-'T<„A  \  \  ' 

i 

1            '[TOT.]  \V\ 

V 

Fig.  Ile/. 


{EIpq)j-  in  the  final  stationary  state  and  finally  by 
the  différent  atomic  data. 

3.2.2  Relaxation  in  aperiodically  altering  fields.  — 
If  the  electric  field  is  acting  during  the  relaxation 
process,  in  gênerai  a  more  complex  situation  results 
because  of  the  rivalry  of  the  continuously  altering 
energy  input  by  the  field  and  the  energy  loss  in  colli- 
sions. Limiting  cases  are  on  the  one  hand  the  nearly 
jump-like  change  of  the  electric  field  —  as  treated 
above  —  and  on  the  other  hand  the  quasi-stationary 
change  simultaneously  with  the  field.  Apart  from 
other  questions  it  is  of  interest  to  find  relations  which 
characterize  thèse  limiting  cases.  In  order  to  investi- 
gate  thèse  questions  we  considered  an  aperiodical 
continuous  field  altération  between  the  initial  and 
final  values  {E/pJi  and  (E/pq)^  according  to  the 
expression 


(19) 


Table  IV. 

[V/(cm  torr)]        [V/(cm  torr)]  [torr  s] 

1  0.35  2  x  10'^  ;  I  X  10""  ;  5x  10'"  ;  ■ 

1  X  10-5  ;  2.5x10"^  5x  10-5  ; 
1  x  10"*;  4x  lO"'' 

In  any  case  the  dashed  lines  dénote  the  altérations 
calculated  in  a  quasi-stationary  way  whilst  the  curve 
marked  with  0  is  the  change  after  jump-like  switching 
ofî  of  the  electric  field.  The  figure  clearly  shows  that 
the  non-stationary  time  behaviour  changes  between 
thèse  two  limits,  an  évolution  which  is  close  to  that 
after  jump-like  altération  of  the  electric  field  at  suf- 
ficiently  small  field  transition  times  and  a  behaviour 
at  sufficiently  high  t,.  which  coincides  with  the  quasi- 
stationary  course.  This  resuit  is  self-evident  from  the 
physical  point  of  view.  It  can  also  be  seen  that  the 
limit  times  are  in  this  spécial  case  ;^  2  x  10"^  and 

^  4  X  10'"^  torr  s  . 

The  change  of  the  time  behaviour  between  thèse 
two  limits  will  once  again  be  demonstrated  very 
clearly  by  the  course  of  the  quantity  Rf  in  figure  1  Ib. 
In  the  range  of  small  field  transition  times  we 
notice  a  strongly  non-stationary  behaviour  —  the 
values  of  Rp  are  far  away  from  the  stationary  value  1 — 
which  becomes  smaller  and  smaller  with  increasing  t^. 
The  majked  disturbance  in  the  stationary  state  at 
smaller  ty  results  frorn_a  quick  change  in  the  momen- 
tary  energy  input  Uy(t)  whilst  the  momentary  energy 
loss  UXO  by  collisions  follows  this  altération  much 


I  (E/Po).  +  iliE/Po)f  -  {E/Po)i']  [1  +  sin  7r(?//,,  -  {)]  ,       0  ^  t  ^  t,: , 
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more  slowly.  Thus  we  observe  lluil,  vi 
of  field  altération,  the  time  depciidcni 
exerts  in  addition  a  noticeable  conlrol  on  the  relaxa- 
tion process  and  thus  also  on  the  adjustment  time  to 
the  new  stationary  state  or  to  the  quasi-stationary 
behaviour  of  the  électron  component. 


ihc  lusses  by  collisions.  In  the  further  statements  we 
will  give  some  examples  which  we  have  obtained  in 
investigations  of  the  temporal  development  of  the 
électron  ensemble  in  a  dc-field  (£7Po),/  with  a  super- 
imposed  ac  field  wilh  the  amplitude  (/./PoX,-  Whilst 
in  [37]  the  non-stationary  behaviour  was  mvesligated 
for  small  degrees  of  modulation  in  connection  with 
the  studies  on  the  impédance,  in  which  the  linea- 
rized  Boltzmann  équation  was  used,  we  are  now  [38] 
in  a  position  to  examine  situations  with  high  degrees 
of  modulation. 

To  calculate  the  periodical  temporal  évolution  of 
the  isotropic  distribution  it  would  be  sufficient  to 
know  the  real  periodical  state  at  one  moment  and  to 
use  it  as  initial  state.  But  because  such  a  distribution 
is  unknown  it  is  only  possible  to  obtain  an  msight 
into  the  periodical  behaviour  by  calculation  of  an 
adjustment  process  starting  from  a  chosen  initial 
state.  Also  from  this  point  of  view  it  is  of  interest 
not  only  to  establish  the  periodical  behaviour  as 
dépendent  on  différent  parameter  conditions  but 
also  the  adjustment  to  this  final  periodical  state. 

The  foUowing  considérations  are  related  to  a  field 
course 

E(t)IPo  =  (ElPoh  [1  +  M  sm  2  nl/l,]  (20) 
with  the  degree  of  modulation 

M  =  (Elpo)J{EIPoh  (21) 


3  2  3  r;..  time  évolution  in  periodical  fields.  -  and  the  normalized  time     of  a  period  ot  the  electric 

In  this  ca?e  al  o  a  very  complet  situation  is  to  be  field.  As  a  représentative  example  we  consider  the 

expeeted  whi^h  îesults  from  the  compétition  between  ease  descnbed  by  the  parameters  given  in  table  V 

the  momentary  energy  input  by  the  electric  field  and  for  a  Ne  plasma. 
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Table  V. 

{Elpo),  =  3  V/(cm  torr)  ,     (£/po)„  =  2  V  (cm  torr) , 
7^  :  5  X  10-^  ,    2  X  m-''  ,    5  x  10^"  . 
1  X  10-^  ,  5  X  10'^  ,    2  X  10^**  ton- s 

To  illustrate  the  behaviour  after  adjustment  to  the 
periodical  state  in  figure  12  the  altération  of  the  energy 
distribution  is  exhibited  over_one  period  (here  des- 
cribed  by  the  parameter  t  =  t/t^  counted  from  the 
start  of  a  period  after  the  adjustment  process)  with 
tp  =  2  X  10"*'  torr  s.  It  can  be  noticed  that  the  high 
energy  tail  of  the  distribution  increases  at  the  beginn- 
ing  of  a  period  until  the  field  has  reached  nearly  its 
maximum  value  (which  is  given  at  i  =  1/4)  and  then 
decreases  until  the  field  has  almost  reached  its  mini- 
mum. Then  the  distribution  returns  to  its  initial  course 
again.  In  the  low  energy  range  the  distribution  shows 
a  reverse  behaviour  and  does  not  show  such  sensitive 
changes. 

Next,  let  us  have  a  look  at  the  figures  13a,  h  where 
the  temporal  change  of  the  mean  energy  U  and  the 
summarized  frequency  vJpq  for  exciting  collisions  is 
presented  as  full  lines  according  to  the  parameters 
tp  of  table  V.  It  should  be  pointed  out  that  at  greater 
/p-values  the  temporal  altération  is  realized  in  a 
nearly  quasi-stationary  way  so  that  at  each  moment 
the  non-stationary  values  are  close  to  the  stationary 
ones  also  presented  in  thèse  figures  as  dashed  lines 
which  are  at  any  moment_correlated  to  the  electric 
field.  With  decreasing  time  tp  of  a  period  the  déviation 
from  the  quasi-stationary  course  becomes  increasingly 
greater,  an  effect  which  is  coupled  with  an  increasing 
réduction  of  the  modulation  of  the  macroscopic 
quantities  and  a  growing  phase  shift  between  the 


Ne 
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Fig.  13/;. 

macroscopic  quantities  and  the  electric  field.  The 
continuons  transition  of  the  temporal  behaviour 
from  a  nearly  quasi-stationary  one  to  the  limiting 
case  of  small  amplitude  modulation  can  be  easily 
understood  under  the  aspect  of  the  energy  balance  (12), 
which  is  consistent  with  the  Boltzmann  équation. 
Figure  14  shows  the  non-stationary  course  of  the 
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energy  input  (J,//;,,  and  thc  loUil  loss  (/,//^,  by  colli- 
sions. There  are  only  sm.ll  clillc,-cnccs  betwecn  inpu 
and  loss  at  the  grcatcsl  choscn  ,„  and  thus  we  t,nd 
disturbances  of  only  mnior  nnportance  in  the  sta- 
tionary  energy  balance.  W.lh  dccrcasing  penod  t.me 
7  the  déviations  continue  lo  grow.  Il  is  obvions  that 
this  is  primarily  caused  by  a  change  of  the  course  of 
the  energy  losses  via  collisions.  This  latter  phenome- 
non  is  combined  with  a  continuons  diminution  of  the 
modulation  due  to  the  fact  that  collision  processes  can 
compensate  the  momentary  energy  input  less  and  less 
during  larger  parts  of  one  penod.  Finally  we  would 
Uke  to  lUustrate  the  adjustment  behaviour  using  two 
examples  which  show  the  temporal  development  ol 
the  lumped  collision  frequency  vjpo  for  the  two 
différent  cycle  times 


10  '  and  ip 


10' 


starting  in  each  case  from  3  différent  initial  stationary 
distributions.  The  initial  conditions  are  correlated 
to  the  zéro  passage  of  the  ac-part  as  well  as  to  the 
maximum  and  the  minimum  of  the  electnc  field. 
Figures  \5a,  h  make  it  évident  that  there  are  very 
différent  adjustment  times  in  which  the  same  perio- 
dical  State  is  reached.  Thèse  are  determined  by  the 
spécial  energy  transfer  situations  durmg  the  adjust- 
ment process  and  dépend  on  the  values  of  the  electnc 
field  attained  during  the  adjustement  process  and  on 
the  rapidity  of  the  periodical  field  altération. 

1>  2  A  An  example  for  the  comparison  between 
calculated  and  experimentally  determined  relaxatiori 
behaviour  of  the  électron  component.  —  Using  the 
above  results,  a  spécial  examination  of  the  relaxation 
behaviour  of  usual  column  plasmas  in  mert  gases 
resulting  from  collision  processes  and  of  the  addi- 
tional  action  of  a  temporal  decaying  electnc  field  — 


which  can-t  be  prcsented  hcre  in  detail-shows  that 
noticeable  first  allcralions  will  occur  already  after 
very  short  characlcnslic  nomiali/cd  limes 

1  ^  \{)  "  lorr  s 
if  the  energy  transfer  to  thc  ncutral  aloms  takes  place 
dominantly  via  exciting  collisions  in  the  first  penod 
of  the  development.  Time  resolved  measurements  ot 
the  isotropic  distribution  and  dépendent  quantities 
such  as  the  mean  energy,  drift  velocity,  frequency  of 
direct  lonization,  Townsend  coefficient  etc.  are  very 
complicated  and  laborious  under  this  condition.  Un 
the  other  hand,  when  the  energy  transfer  m  the  first 
period  is  realized  pnmarily  via  elastic  collisions, 
marked  variations  will  appear  in  times 

7  *  10'^  torr  s  , 
which  makes  possible  a  comparison  between  theore- 
tical  and  expérimental  results.  We  made  such  a 
comparison  for  the  decay  of  the  electron-atom- 
Bremsstrahlung  continuum.  This  contmuum  can  be 
measured  in  a  sufficiently  short  time  and  permits  the 
registration  of  the  temporal  change  of  the  isotropic 
distribution  almost  in  the  whole  energy  space  via  the 
wave  length  dependence  of  the  Bremsstrahlung  mten- 
sity  Therefore  the  time  behaviour  of  the  Bremsstrah- 
lung in  the  range  of  200  to  1  000  nm  was  calculated  [39] 
in  decaying  Ne  and  Ar  column  plasmas  under  médium 
pressure  conditions  starting  from  stationary  states 
and  using  decay  profiles  for  the  electnc  field  as  they 
are  suggested  by  expérimental  measurements;  on  the 
other  side  time  resolved  decay  measurements  ot  the 
relative  radiation  intensity  were  performed  for  some 
ranges  of  the  wavelength  A.  To  calculate  the  mtensity 
it  is  necessary  to  know  the  volume-emission-coefficient 
of  this  radiation  £(/,  /).  .eu 
We  calculated  the  intensity  /  per  unit  length  ot  the 
column  according  to  the  relation 


/(A,  0  -■ 


i;(A,  t)dr  =  CnR^  N„Nil/*{X,  t)  , 


3n  £o 


(22) 
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assuming  the  isotropic  distribution  of  the  électrons 
and  the  atom  concentration  N  as  nearly  independent 
of  the  radial  coordinate  r;  N^is  the  électron  concen- 
tration averaged  over  the  cross  section  of  the  column 
and  R  the  radius  of  the  tube.  According  to  (22)  the 
time  dependence  of  /  can  be  realized  via  the  distribu- 
tion fonction  and  the  électron  concentration.  Under 
the  considered  conditions  the  characteristic  time  for  a 
noticeable  onset  of  the  relaxation  process  is,  as  men- 
tioned  already,  >  10"^  torr  s,  whilst  marked  altéra- 
tions of  the  électron  concentration  are  to  be  expected 
not  before  10"^-1'0^  torr  s.  Therefore  down  to  a 
normaiized  time  of  %  10""^  torr  s  the  time  depen- 
dence of  the  émission  is  almost  exclusively  determined 
by  that  of  the  isotropic  distribution. 

In  order  to  calculate  the  évolution  of  the  distribu- 
tion fonction  we  must  known  the  temporal  change  of 
the  electric  field.  In  the  |is-range  time  resolved  direct 
measurements  of  the  internai  field  are  not  easy  to 
realize  but  such  of  the  time  course  of  the  external 
discharge  current  after  switch  off  are  not  so  difficult. 
The  approximate  course  of  E(t)fpo  can  be  obtained 
from  the  decay  of  the  current  flowing  in  the  external 
circuit.  Because  under  the  considered  conditions  the 
relaxation  of  the  anisotropic  part  of  the  distribution 
function  and  therefore  also  of  the  current  occurs  in  an 
almost  stationary  way  we  can  assume  in  a  first  step 
that  the  electric  field  is  nearly  proportional  to  the 
external  current  during  the  decay.  As  the  measure- 
ments showed  in  the  majority  of  cases  a  nearly  linear 
decay  of  the  discharge  current  in  an  absolute  decay 
time     of  some  [is,  we  used  in  the  calculations  also 

such  linear  field  decay  (the  latter  indicated  by  

— )  and  additionally  a  parabolic  decay  with  the  same 
time  t^{-. .-..)  and  a  jump-like  decay  (  ). 

The  examples  given  in  figures  \6a,  h  are  the  decay 
of  the  relative  intensity  I{X,  t)/I{À,  0)  for  À  =  380  nm 
in  neon  (p^  =  20  torr,  (E/p^X^  =  0.42  V/(cm  torr), 
?d  =  I  X  10"^  s)  and  for  A  =  330  nm  in  argon 
(Po  =  8.8  torr  ,  (E/p^h  =  0.64  V/(cm  torr) , 

t,  =  2  X  10-^  s); 

that  means  the  agreement  of  the  measurements  with 
the  calculations  for  the  linear  and  parabolic  decay 
profiles  is  satisfactory.  Though  the  reai  decay  of  the 
electric  field  in  the  column  plasma  is  unknown  today 
thèse  and  further  results  we  obtained  can  nevertheless 
be  reasonably  explained  by  the  collision  dominated 
relaxation  mechanism  of  the  électron  component 
applied  here. 

The  above  results  show  that  on  the  basis  of  the 
kinetic  theory  a  deeper  insight  into  the  temporal 
relaxation  mechanism  of  the  électron  ensemble  in 
collision  dominated  plasmas  can  be  gained  for  many 


II*,t)/IlA,OI 


2  3 


Fig.  \6h. 


différent  models  of  the  temporal  behaviour  of  the 
electric  field.  In  addition,  we  investigated  some  more 
generalized  relaxation  models  of  the  électron  compo- 
nent which  take  into  account  the  action  of  a  pure  high 
frequency  field  [40]  as  weli  as  ionizing  collisions  and  a 
particle  loss  term  for  the  électrons  [41],  however  they 
cannot  be  described  here  in  détail.  Thus  a  firm  basis 
has  been  established  to  perform  further  investigations 
of  more  gênerai  problems  grouped  around  the  relaxa- 
tion models  presented  here  which  are  of  interest  under 
various  aspects.  Extensions  of  the  kinetic  methods  to 
still  more  generalized  conditions,  which  cover  addi- 
tionally also  such  processes  as  the  Coulomb  interac- 
tion between  the  électrons  and  the  attachment  of 
électrons,  seem  also  promising. 
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Anomalous  transport  from  plasma  waves 


W.  M.  Manhcimer 

Pl.,».a  Phy«s  n,v,>,»n.  Naval  K.scarcl,  Lah.m.or,.  Wa»l,a,BU,„  UC  20315,  U.S.A. 

The  problem  ihen  is  how  lo  descnbe  and/or  P™'^' P''^  "7  „blem  and  examines  whal  Knowledge  of 

plasma  waves,  Th.s  paper  descnbes  a  'y'''''"'"''^^''^^^^^^^  ean  be  as  Imle  as  the  slabil.ty 

;':':;rcases,.b,sdeseHp.>o„onbel„s.abi,,..use^^ 

L"ir;lt™at';,:n  b:r::d"^orrsr„l\l^^  .owe.e.     sene.,.  seal,„s  .aws  eanno,  be 

simply  derived  from  first  principles. 


Can  one  dérive,  from  first  principles,  simple  scaling 
laws  for  complicated  plasma  devices  like  a  tokamak  . 
For  instance  the  current  vogue  is  to  scale  confinement 
in  tokamaks  linearly  with  density  ;  so  clearly  one 
would  like  a  thermal  conduction  coefficient  scahng 
as  The  problem  is  that  this  thermal  conduction 
must  be  derived  from  the  quasi-Unear  and  nonlinear 
theory  of  very  esoteric  instabilities.  Even  if  some- 
one  could  take  thèse  instabilities  and  dérive  a  transport 
coefficient  which  had  ail  the  right  magnitudes  and 
scalings,  would  anyone  else  either  understand  it  or 

believe  it  ?  ,   .      .  , 

My  own  opinion  is  that  one  cannot  dérive  simple 
scaling  laws  in  an  understandable,  believable  way^ 
How  then  does  one  explain  or  predict  the  behavior  of 
complicated  plasma  devices  which  are  dominated 
by  anomalous  transport  ?  One  possibility  of  course  is 
to  use  phenomenological  transport  coefficients,  and 
this  may  in  fact  work  well.  It  is  certainly  likely  that 
current  devices  could  be  extrapolated  a  factor  of  two 
in  every  parameter  this  way.  However  this  is  some- 
what  unsatisfying,  one  would  somehow  like  to  relate 
performance  to  fundamental,  processes,  if  only  tor 
fundamental  scientific  reasons.  That  will  be  the  focus 
of  the  remainder  of  this  paper. 

Let  us  look  at  what  is  needed  to  describe  a  plasma 
whose  transport  is  dominated  by  instability.  As  we 
will  see,  there  is  what  might  be  called  a  hierarchy  o 
necessary  information  starling  with  the  simplest 
questions  of  stability  threshold  and  proceedmg  to 
the  most  complicated  nonlinear  theory.  How  high 
one  has  to  proceed  in  this  hierarchy  is  then  an  indica- 
tion of  how  easy  and/or  how  reliable  the  theory  is. 

Take  for  instance  a  température  profile  in  a  toka- 
mak plasma,  and  look  at  some  radius  r,,  The  most 
fundamental  question  is  whether  or  not  the  plasma 
is  unstable  at  this  point.  If  the  plasma  is  stable  here. 


clearly  one  uses  classical  transport.  If  it  is  unstable 
anomalous  transport  should  be  involved  Thus  he 
first  necessary  pièce  of  information  is  the  stability 
threshold.  As  we  will  see,  there  are  some  circumstances 
where  this  is  ail  that  is  needed  to  describe  the  system. 
Since  this  description  only  utilizes  the  first  step  in  the 
aforementioned  hierarchy,  it  will  surely  be  the  simpl- 
est and  most  reliable  theory  of  anomalous  transport 
This  is  the  marginal  stability  theory  which  we  [1-4J 
and  others  [5-7]  have  previously  discussed. 

The  idea  behind  the  marginal  stability  theory  is  the 
follow.ng.  Imagme  a  plasma  which  is  stable,  but  which 
is  forced  by  some  external  mechanism  to  an  unstable 
State  As  a  concrète  example  let  us  consider  an  ohmi- 
cally  heated  tokamak.  The  current  beats  the  central 
région  and  since  the  edge  is  cool,  an  électron  tempe- 
rature  gradient  is  forced  upon  the  system.  Let  us  now 
postulate  that  when  the  électron  température  gradient 

INTERFACE  WITH  FLUID  CODES 


SOME  PARAMETER 


cnR  A  WIDE  RANGE  OF  EXTERNAL  SOURCE 
S?RENGThI,  FLU.D  CODE  WILL  AUTOMAT.CALLY  PICK 
OUT  A  MARGINALLY  STABLE  PROFILE 

l  ig.  1.  A  possible  plot  of  transport  cocflicicnt  vcrsu 
relevant  parameter. 
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exceeds  some  critical  value,  the  plasma  becomes 
unstable.  Then  at  this  point,  an  anomalously  large 
thermal  conduction  is  generated  by  the  instability. 
A  possible  functional  dependence  of  A'^,  on  tempéra- 
ture gradient  is  shown  in  figure  1.  This  large  A'^  will 
cool,  the  plasma,  the  instability  will  shut  off  and 
will  go  to  its  classical  value.  However  once  the  plasma 
becomes  stable,  the  ohmic  heating  will  increase  its 
température  and  it  will  again  be  driven  unstable. 
Clearly  then  there  is  a  dynamic  balance  between 
heating  and  anomalous  thermal  conduction  with  the 
plasma  sitting  at  (or  perhaps  oscillating  about)  the 
marginal  stability  point.  The  fundamental  quantity 
to  détermine  then  is  not  the  turbulent  spectrum, 
but  the  plasma  profile.  Once  we  have  the  profile,  we 
can  calculate  the  thermal  conduction  because  we 
know  the  profile  and  input  power.  Once  we  have  K^, 
simple  quasi-linear  theory  gives  us  the  fluctuation 
level.  Thus  the  logic  of  a  marginal  stability  calculation 
is  just  the  reverse  of  a  conventional  nonlinear  calcula- 
tion, as  shown  in  figure  2. 


thermal  conduction  is  the  only  anomalous  process. 
Then  the  steady  state  équations  are  beat  balance 


dx  dx 


and  marginal  stability. 


(1) 


(2) 


where  S,  dénote  the  energy  sources.  In  eq.  (2), 


dT 
'Tx 

is  the  growth  rate  which  is  driven  by  température 
gradient  and  P  dénotes  the  damping  from  ail  sources, 
for  instance  shear,  ion-ion  collisions,  etc.  The  marginal 
stability  approach  then  consists  of  using  eq.  (2) 
instead  of  eq.  (1)  as  an  équation  for  température. 
Eq.  (1)  is  used  instead  as  an  équation  for  K,  and  it 
reduces  to 


ûx  a 


-  S,  . 


(3) 


INSTABILITY 


MARGINAL  STABILITY  THEORY 


CONVENTIONAL  NONLINEAR  THEORY  ' 


Fig.  2.  —  Logic  of  a  marginal  stability  calculation  contrasted  to 
the  logic  of  a  conventional  non-linear  calculation. 


Now  examine  the  second  complication  in  our 
hierarchy.  Let  us  say  that  the  marginal  stability  hypo- 
thesis  is  valid,  but  there  is  not  one  anomalous  tran- 
sport effect  but  many.  To  continue  with  our  example 
of  the  tokamak,  it  is  known  that  both  électron  tem- 
pérature gradient,  and  density  gradient  contribute 
to  instability,  and  that  not  only  is  there  anomalous 
thermal  conduction,  but  also  anomalous  diffusion. 
In  this  case  marginal  stability  does  not  imply  only 
particular  température  gradient  but  rather  some 
relation  between  température  and  density  gradient. 
Then  the  stability  threshold  is  not  sufficient  informa- 
tion to  détermine  the  profile.  One  must  also  known 
the  relation  between  A^,  and  D.  If  one  knows  the  spec- 
trum, and  if  quasi-linear  theory  is  valid,  then  one  can 
détermine  this  relation.  However  now  more  informa- 
tion is  needed  than  just  stability  threshold  ;  corres- 
pondingly  the  theory  is  on  somewhat  shakier  ground 
than  it  is  if  there  is  only  a  single  anomalous  effect. 

Let  us  illustrate  how  a  marginal  stability  works 
in  a  one  or  two  parameter  space.  First  imagine  that 
only  température  gradient  drives  instability  and 


Now  imagine  that  there  are  two  variables  instead 
of  one.  For  instance  for  the  tokamak,  say  that  both 
density  and  température  gradients  drive  instability 
and  that  there  is  both  anomalous  diffusion  and  ano- 
malous thermal  conduction.  Then  the  équations  which 
describe  the  system  are  heat  and  particle  balance 


dx  ^  dx 


dT 


marginal  stability 


dT 

'Tx' 


(4) 
(5) 


(6) 


and  some  relation  between  D  and  K 

D  =  CK  ,  (7) 

which  might  corne  from  for  instance  quasi-linear 
theory.  Also  we  assume  C  >  0.  Thèse  équations  can  be 
solved  for  K  as  follows.  Integrate  eq.  (4)  from  zéro  to  r 
assuming  dT/dx  =  0  at  r  =  0  to  get 


A' 


Jo 


S,dx  . 


(8) 


Then  solve  for  D  and  dn/dx  from  eqs.  (6)  and  (7),  insert 
in  eq.  (5)  and  integrate  from  0  to  r. 
The  resuit  is 


(9) 


Then  once  eq.  (9)  is  solved  for  A',  we  can  solve  eq.  (4) 
for  rin  the  standard  way. 


VIALOLJS  TRANSFORT  FROM  PLASMA  WAVES 


Let  us  now  examine  the  conditions  under  which  a 
solution  to  eqs.  (4)-(7)  can  be  formed.  In  the  normal 
tokamak  configuration  where  the  électrons  are  in  he 
nlateau  or  banana  régime  négative  dnjdx  and  d7/dx 
both  drive  instability.  Therefore  a  and  have  the  same 
sign  and  both  have  opposite  sign  to  P.  Since,  ^7-,  à„ 
and  C  are  ail  positive,  K  is  greater  than  zéro  so  that 
an  a  solution  exists.  Now  imagme  that  say  the  tempe- 
rature  gradient  is  stabilizing  rather  than  destabilizing, 
that  is  a  and  P  now  have  the  same  sign.  Then,  in  order 
to  have  A:  >  0, 

1.  (10) 


If  inequality  (10)  is  violated  in  some  régions  of  x, 
the  plasma  wiU  be  stable  and  a  margmally  stable 
solution  does  not  exist  there.  In  thèse  régions  classical 
transport  will  apply. 

Of  course  rather  than  solving  équations  like  (5)-(/), 
a  more  practical  procédure  is  usually  to  use  a  nume- 
rical  transport  code  in  which  transport  coefficients 
jump  to  some  large  value  at  the  stability  threshold, 
and  in  which  the  proper  relation  between  the  diff-erent 
transport  coefficients  is  also  used.  As  long  as  thèse 
iumps  in  transport  coefficients  are  handled  m  a  way 
which  is  numerically  stable,  the  code  wiU  automati- 
cally  handle  the  transition  not  only  between  stable  and 
unstable  plasma,  but  also  between  différent  insta- 
bilities. 

For  the  next  stage  of  the  hierarchy  one  must  know 
the  nonlinear  limit  to  the  fluctuation  level.  However 
let  us  assume  that  once  the  fluctuation  level  is  known, 
the  transport  coefficients  can  ail  be  calculated,  for 
instance  via  quasi-linear  theory.  Actually  this  is  not  as 
unreasonable  as  it  sounds.  Say  that  the  mstability 
is  driven  by  électrons  and  is  stabilized  by  some  non- 
linear effect  on  10ns.  Then  quasi-linear  transport 
coefficients  for  the  électrons  should  be  valid.  If  this 
be  the  case,  at  least  some  of  the  ion  transport  coeffi- 
cients can  usually  be  calculated  by  invokmg  global 
conservation  relations  (for  instance  energy  or  momen- 
tum  conservation,  pressure  balance,  etc.).  Thus  the 
third  level  of  our  hierarchy  assumes  that  transport 
coefficients  can  ail  be  calculated  in  terms  of  a  fluctua- 
tion level  which  is  specified  by  invoking  non-linear 
theory,  and/or  experiment,  and/or  numencal  simula- 
tion of  the  instability.  There  are  at  least  two  reasons 
why  the  fluctuation  level  might  be  required.  First, 
the  System  may  be  so  strongly  driven  that  nonlinear 
efi"ects  limit  the  fluctuations  to  a  value  smaller  than 
that  required  to  maintain  a  marginally  stable  profile. 
Second,  there  may  be  so  many  anomalous  transport 
effects  that  there  is  no  simple  external  mechamsm 
driving  the  plasma  toward  instability  and  no  simple 
relaxation  to  a  stable  state  because  of  the  instability. 

This  is  the  approach  recently  used  at  the  Naval 
Research  Laboratory  to  describe  anomalous  absorp- 
tion and  flux  limitation  in  a  laser  produced  plasma  [9]. 


Farlier  calculations  like  this  also  examincd  hydro- 
dynamic  flow  in  an  ionosphère  which  has  been 
violently  perturbed  [10],  and  the  implosion  and  post 
implosion  phase  of  thêta  pinchcs  [11,  12].  Since 
thèse  results  ail  require  a  fluctuation  level  which  is  the 
resuit  of  a  nonlinear  calculation  they  are  less  reliable 
than  results  obtained  via  calculations  on  the  two 
lower  levels  of  the  hierarchy  which  we  have  been 
describing.  ,  ,    1  ^ 

The  fourth  level  of  the  hierarchy,  and  the  last  one 
which  we  wiU  describe,  is  that  where  both  the  non- 
linear fluctuation  level  and  the  transport  coefficient 
are  the  results  of  nonlinear  calculations.  Needless  to 
see  results  on  this  level  are  still  more  spéculative  than 
those  on  the  three  lower  levels.  We  will  now  describe 
three  calculations  donc  at  the  Naval  Research  Labo- 
ratory which  iUustrate  the  three  levels.  They  are 
calculations  of  électron  and  ion  température  profiles 
in  tokamaks  [4],  calculation  of  the  structure  of  trans- 
verse résistive  shocks  [3],  and  calculations  of  anoma- 
lous absorption  and  thermal  energy  flux  limitation 
in  a  laser  produced  plasma  [9]. 

In  a  tokamak,  the  électron  température  is  limited 
by  some  anomalous  process,  generally  thought  to  be 
instabilities.  We  have  attempted  to  study  this  with 
the  use  of  a  simple  transport  code  [4].  Specifically 
our  code  solves  the  équations 


M 

n{T,  -  Td  (11) 


I^.ii..^„^+3v.^«(r.-r.) 

9/       r  dr     "  dr  M 
E  =  y/a 


(12) 
(13) 


where  T,^i)  are  the  électron  (ion)  température,  J  is  the 
carrent  dénsity,  E  is  the  toroidal  electric  field,  assumed 
to  be  independent  of  radius,  a  is  the  electrical  conduc- 
tivity. 

The  current  density  is  assumed  to  always  be  at  its 
steady  state  value,  so  magnetic  dilTusion  is  neglected. 
Eqs  (ll-)-(13)  are  solved  subject  to  boundary  condi- 
tions that  =  r,.  =  10  eV  at  the  limiter,  and  that  the 
total  current  is  specified.  Every  term  in  eqs.  (11)-(13) 
is  given  by  neoclassical  theory  except  for  one,  the 
anomalous  électron  thermal  conduction  A;„.  If  the 
plasma  is  unstable,  K„„  is  taken  as  the  Bohm  diff-usion 
coefficient  K,.  In  our  study  the  plasma  is  subject  to 
one  of  two  instabilities,  the  internai  kink-tearing 
mode  whenever  q  =  rBJRB,  is  less  than  unity,  and 
the  universal  drift  wave-trapped  électron  mode  when- 
ever the  shcar  strength  (K,  is  below  a  critical  value  0 
The  value  of  0,,  comes  from  the  linear  theory  of  the 
mode  We  will  not  elaborate  here,  but  a  fuU  discussion 
can  be  found  in  référence  [4].  Thus  the  functional  form 
for  K„„ 


+  ^      ^  1  +  (0/0,,,)  "J 
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where  «'  and  n  are  large  integers,  so  that  A„„  turns  on 
abruptly  as  the  plasma  becomes  unstable.  Since  the 
quantities  in  the  brackets  change  abruptly  from  zéro 
to  one,  we  have  called  them  thermostat  functions. 
Let  us  now  re-emphasize  that  the  nonlinear  theory 
of  the  instability  plays  no  rôle  in  the  analysis.  The 
only  thing  needed  to  solve  eqs.  (11)-(13)  is  the  insta- 
bility condition  which  comes  only  from  linear  theory. 

Now,  knowing  the  profile,  one  can  utilize  quasi- 
linear  theory  to  calculate  both  the  anomalous  thermal 
conduction,  fluctuation  wave  number  and  fluctuation 
amplitude.  However,  even  if  the  behavior  is  governed 
by  nonlinear  theory,  the  only  thing  which  will  be 
wrong  is  the  calculation  of  fluctuation  level,  not  the 
profile. 

We  will  now  show  some  results  of  the  calculation. 
Since  there  was  not  much  available  data  from  PLT 
at  the  time,  we  did  only  one  run.  The  parameters  are 
B  =  35  kG,  Z^,j-  =  4,  a  central  density  of 

«0  =  4.2  X  10'-' 

and  a  hydrogen  plasma.  The  électron  and  ion  tempe- 
rature,  q,  and  thermostat  functions  for  q  and  0  are 
given  in  figure  3.  Clearly  the  plasma  is  in  a  marginally 
stable  State  for  internai  kink-tearing  modes  for 
0  <  r/a  <  0.4,  and  to  trapped  électron  modes  for 
0.4  <  r/a  <  0.9.  The  outer  région  is  classical. 


0     0.1    0.2   0.3    0.4  0.5    0.6    0.7    0.8    0.9  1,0 


Fig.  3.  —  PLT  électron  and  ion  température  profiles  showing 
régions  of  fluid  and  micro  instability. 


Another  tokamak  which  we  have  simulated  is 
TFR.  In  TFR  more  than  half  of  the  input  power  is 
generally  radia ted  away  by  impurity  radiation  [13]. 
However,  as  is  clearly  indicated  in  référence  [13], 
most  of  this  is  oxygen  line  radiation  arising  from  the 
plasma  edge  where  the  température  is  low  enough  that 
the  plasma  is  stable.  Thus  the  question  is  how  does  the 
energy  get  from  the  center  to  the  edge.  Référence  [13] 
also  shows  that  destruction  of  magnetic  surfaces  due 
to  internai  kink  and  tearing  modes  is  insufficient  to 
account  for  this  energy  transport.  Here  we  examine 
whether  drift  and  trapped  particle  instabilities  can 
provide  the  remainder  of  the  energy  transport. 


One  very  interesting  expérimental  resuit  for  TFR 
is  that  the  température  half  width  Ar{T)  dépends  on 
only  a  single  parameter,  qia),  even  though  two 
parameters,  B  and  /  are  independently  varied.  Our 
calculation  basically  confirms  this  resuit.  In  figure  4 
is  shown  (solid  line)  the  prédictions  by  our  code  for 
Ar{T)  as  a  function  of  q'\a). 


0.2  -  ^» 

0.1  - 


0  0.1  0.2  0.3 

q(ar' 

Fig.  4.  —  Température  half-width  and  width  of  the  q(r)  =  1 
région  in  TFR  as  a  function  of  q(a)  '.  The  solid  and  dash-dot  line 
are  approximate  fits  to  the  numerically  obtained  data  points.  The 
dashed  line  is  the  experimentally  observed  température  half- 
width. 


Here  we  have  assumed  Z^y^  =  3andno  =  6  x  lO'-'. 
Varions  dots  shown  the  calculated  points.  Although 
there  is  some  scatter  to  the  points,  Ar(r)  basically 
does  dépend  on  the  single  parameter  q{a).  The  dashed 
line  shows  the  expérimental  resuit  from  TFR. 

Another  interesting  resuit  from  the  TFR  experi- 
ment  is  that  the  position  of  the  ^  =  1  surface,  as 
defined  by  the  radial  position  of  the  node  in  the  saw 
tooth  oscillations  in  the  soft  x-ray  signal,  also  dépends 
only  on  the  single  parameter  q{a).  In  figure  4  the 
dash  dot  line  shows  that  the  predicted  value  for  the 
q  =  1  surface,  as  defined  by  the  radial  position  where 
the  q  thermostat  function  drops  to  half  its  maximum 
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Fig.  5.  —  Electron  température  profiles  in  TFR.  (a)  Numerically 
obtained  ;  (h)  Experimentally  obtained. 
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value,  also  dépends  principally  on  this  single  para- 
meter.  ^  ,       ,  ^ 

in  figures  5a  and  h  are  prédictions  of  the  code  tor 
électron  température  compared  to  experiment,  for 
three  discharges  having  /  =  140  kA,  and  B  -  25 
40  and  50  kG.  Notice  that  the  code  does  give  good 
agreement  with  experiment  as  regards  température 
profile.  In  figure  6  are  plotted  the  radial  depe"de"ce 
of  T   T-  q,  for  the  run  with  fl  =  50  kG,  /  =  140  kA. 


Fig. 


6.  —  TFR  électron  and  ion  température  profiles. 


Other  quantities  of  interest  are  the  /c^,  of  the  fluc- 
tuation and  predicted  values  of  ecpIT,  as  a  function 
of  radius.  Thèse  are  shown  in  figure  7  for  a  discharge 
with  60  kV,  300  kA.  The  fluctuation  level  seems  to  be 
comparable  to  that  recently  reported  [14] 
e<plT,  «  (3-4)  X  10- ^ 

'  In  addition  to  calculating  the  température  profile 
for  TFR  numerous  calculations  were  also  done  for 
Alcator.  '  Perhaps  the  most  striking  expérimental 
resuit  for  Alcator  is  the  increase  of  energy  confine- 
ment time  with  density  [15].  Our  theory  does  predict 
this  basic  dependence.  In  figure  8  is  shown  the  calcu- 
lated  dependence  of  energy  confinement  time  on 
central  density  for  three  choices  of  field  and  current, 
5  ^  50  kG,  /  =  100  kA;  5  =  75  kG,  /  =  100  kA; 
and  5  =  75  kG,  /  =  150  kA.  In  ail  cases,  Z,^  =  1 
and  we  used  a  hydrogen  plasma.  Notice^ |hat  for 
central  densities  less  than  about  2  x  10  cm  , 
the  confinement  time  increases  roughly  linearly  with 
density.  For  larger  «o  the  confinement  time  begins 
to  decrease  again. 

When  the  density  is  sufficiently  high  however,  the 
plasma  is  in  the  Pfirsch  Schluter  régime,  and  there  is  no 
trapped  particle  instability.  Then  the  energy  confine- 
ment time  begins  to  decrease  with  density.  For  ail 
three  choices  of  current  and  field  the  points  with 
„^  ^  5  X  10'^  were  completely  stable.  Not  only 
a?e  there  no  trapped  particle  instabilities  in  the  région 
of  maximum  gradient,  q  was  everywhere  larger  than 


Pig  7  _  (a)  The  most  unstable  mode  in  TFR  as 
of  rla,  and  {h)  the  fluctuation  level  implied  by  the 
determined  anomalous  transport. 
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Fig.  8.  —  Fnergy  conlinemcnl  tin- 
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SedO'*  cm-3) 

one  so  that  are  no  MHD  modes  in  the  center  either. 
Apparently  the  largest  confinement  time  occurs  just 


Fig.  9.  —  Calculated  électron  {a)  and  ion  (/))  température  profiles 
at  différent  densities.  Also,  a  plot  (c)  of  measured  central  électron 
and  ion  températures  vs.  density. 


on  the  transition  from  anomalous  to  classical  thermal 
conduction.  The  highest  électron  température  however 
are  in  the  régime  of  anomalous  thermal  conduction 
and  low  confinement  time.  In  figures  9a  and  h  are 
plotted  the  radial  dependence  of  T^.  and  T-  for  différent 
densities  for  the  case  5  =  75  kG,  /  =  100  kA.  Notice 
that  at  low  density,  where  the  thermal  conduction 
is  anomalous,  the  température  profiles  are  quite 
peaked.  At  higher  density,  where  the  thermal  conduc- 
tion is  classical,  the  température  profiles  are  quite 
broad. 

To  summarize,  our  calculations  of  tokamak  tem- 
pérature profiles  do  give  qualitative  and  even  some 
quantitative  agreement  with  measured  tokamak  tem- 
pérature profiles.  The  theory  is  simple  in  that  non- 
linear  theory  of  the  instability  never  enters  in.  How- 
ever there  are  no  simple  scaling  laws  which  explain 
tokamak  behavior;  instead  the  température  profiles 
resuit  only  from  a  numerical  solution  of  the  électron 
and  ion  energy  équations  with  the  appropriate 
anomalous  électron  thermal  conductivity. 

Now  we  consider  a  différent  plasma  configuration, 
a  cross  field  collisionless  résistive  shock.  Here,  as  we 
will  see,  marginal  stability  appears  to  be  a  viable 
concept,  but  two  transport  processes,  électron  and 
ion  heating  play  important  rôles.  In  a  shock,  fluid 

convection  (that  is  the  V ^  term  in  the  momentum 

\  dx 

équation)  tends  to  steepen  the  density  profile.  Since 
the  magnetic  field  is  frozen  into  the  flow  it  also 
steepens  and  the  current  thereby  increases.  However 
at  some  point,  the  current  becomes  so  great  that  ion 
acoustic  waves  are  driven  unstable.  Thèse  waves  then 
grow,  the  anomalous  resistivity  increases,  and  the 
shock  profile  will  then  tend  to  broaden.  The  shock 
profile  will  then  be  déterminée  by  the  condition  that 
ion  acoustic  waves  are  everywhere  marginally  stable, 
that  is  [3] 


From  the  Rankine-Huginist  relations,  the  magnetic 
field,  density  and  température  are  known  are  ail 
known  upstream  and  downstream.  Thus,  once  we 
know  TJT^,  the  ion  to  électron  température  ratio, 
we  can  estimate  dB/dx  k  [B  (upstream)-B  down- 
stream)]/L,  and  thereby  estimate  the  shock  width  L,. 


The  problem  now  is  to  estimate  the  ion  to  électron 
température  ratio.  For  an  ion  acoustic  wave  at 
marginal  stability,  this  can  be  donc  by  comparing  the 
heating  rates  of  ions  and  électrons.  Say  that  the  ic 
wave  transfers  momentum  from  ions  to  électrons  ?'  a 
rate  P.  Then  it  can  be  shown,  from  résonant  qi  isi- 
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linear  theory,  that  in  the  référence  frame  in  wh.ch 
the  ions  are  at  rest,  energy.is  transferred  from  élec- 
trons to  ions  at  a  rate  {œ/k)  P,  where  ((WA  )  is  the  phase 
velocity  of  the  ion  acoustic  wave.  If  the  électron  dnft 
velocity  is  denoled  u.  then  momentum  and  energy 
conservation  équations  for  électrons  and  ions  read 
nnii'i  =  -  P  06a) 
•  ,  7.n        -  -  —  P  =  -  -nf  .  (16/?) 


From  eqs.  (16«)  and  {\th),  it  is  a  simple  matter  to 
solve  for  the  ratio  of  heating  rates. 


iojlk) 


(17) 


If  both  électrons  and  ions  are  substantially  heated 
by  the  shock,  the  température  ratio  should  be  roughly 
equal  to  the  ratio  of  heating  rates,  or 


Eq.  (18)  is  a  transcendental  équation  for  TJT^. 
For  a  hydrogen  plasma,  we  find  TJT^  ~  7.5. 

Then  knowing  TJT,,  eq.  (15)  gives  a  simple  estimate 
for  shock  width.  For 


profile.  Estimâtes  and  calculations  of  shock  width 
and  fluctuation  level  are  in  good  quantitative  agree- 
ment  with  experiments. 


i  70, 


4  nne  L, 


7.5 


[f,  AnnT  ^ 


0.01  , 
(19) 


and  a  Mach  two  shock,  this  gives  the  resuit 

L,  ~  lOc/ojp, 
which  is  consistent  with  the  transverse  shock  experi- 
ments donc  at  Culham  laboratory  [16].  From  this 
estimate  of  shock  width,  one  can  calculate  a  resistivity 
and  from  the  resistivity,  a  fluctuation  level.  This 
Works  out  to  be  about 


10' 


(20) 


Let  us  re-emphasize  that  at  no  point  m  this  calcula- 
tion  was  an  estimate  of  ecp/T,  from  nonlinear  theory 
ever  required. 

Actually,  one  can  do  much  better  than  estimate 
thèse  quantities.  In  référence  [3],  fluid  équations  for  n 
T  r,  and  B,  coupled  to  wave  équations  for  (16) 
(Jr  64)  ion  acoustic  fluctuations  (at  difl'erent  wave 
vector)  are  numerically  integrated  from  upstream  to 
downstream.  The  waves  are  assumed  to  grow  or  damp 
at  the  local  linear  growth  or  damping  rate,  and  quasi- 
linear  theory  is  used  to  calculate  resistivity  as  well  as 
électron  and  ion  heating  rate.  Il  was  found  that  the 
shock  profile  did  in  fact  remain  at  a  marginally  stable 
current  for  nearly  the  entire  shock  profile.  Results  of 
such  a  calculation  are  shown  in  figure  10  where  spatial 
profiles  of  «,  B,  T,,  T,  and  (eip/Tf  are  shown.  To 
summarize,  the  structure  of  transverse  résistive  shocks 
in  hydrogen  seems  to  be  consistent  with  ion  acoustic 
waves  being  at  marginal  stability  everywhere  in  the 


Fig  10  -  Plots  of  density,  température,  magnctic  t.cld  and 
turbulence  level  versus  distance  for  a  résistive  Mach  2  shock. 


As  a  final  example,  we  consider  the  absorption  of 
laser  light  in  a  laser  produced  plasma.  This  is  discussed 
much  more  fully  in  référence  [9]  and  the  description 
here  will  be  very  brief.  The  idea  is  to  use  a  numerical 
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solution  of  the  fluid  and  wave  équations  with  ano- 
malous  transport.  There  are  two  instabilities  which 
provide  this  anomalous  transport.  First,  there  is 
Brillouin  backscatter,  where  in  the  laser  light  decays 
into  a  reflected  wave  and  an  ion  acoustic  wave  ;  and 
second,  there  is  an  ion  acoustic  instability  generated 
by  the  retum  current. 

For  Brillouin  backscatter,  if  the  growth  rate  in 
homogeneous  média  is  yo,  then  the  spatial  amplifica- 
tion in  inhomogeneous  for  either  an  undamped  [17], 
or  strongly  damped  [18]  ion  acoustic  wave,  is 

2  T^yl  L^h 


where  L^^  is  the  size  of  the  région  of  phase  cohérence 
between  incident,  reflected,  and  ion  acoustic  wave. 
This  amplification  turns  out  to  be  so  large  that  any 
theory  based  upon  it  will  give  nearly  total  backscatter 
in  virtually  any  circumstance.  However  when  examin- 
ing  the  amplitude  of  the  ion  acoustic  wave  generated, 
one  sees  that  it  is  very  large,  so  large  that  any  ion  trap- 
ping  should  be  very  important  and  linear  theory  of  the 
instability  invalid.  Thus  a  description  of  the  process 
has  to  be  based  on  a  nonlinear  description  of  the 
instability.  Earlier  theory  [19,  20]  has  shown  that  if 
trapping  is  important  one  way  the  instability  can  be 
modeled  is  by  reducing  the  growth  rate  yo  by  a  factor 
of  between  about  five  and  ten.  We  have  adopted 
such  an  approach  to  model  the  effect  of  Brillouin 
backscatter.  Thus  we  need  not  only  a  nonlinear 
theory  of  the  fluctuation  amplitude,  but  also  a  non- 
linear réduction  in  the  reflection  due  to  stimulated 
Brillouin  backscatter. 

The  second  instability  which  we  consider  is  the 
ion  acoustic  instability  driven  by  a  return  current. 
If  électrons  conduct  heat  but  carry  no  current,  a 
flux  of  energetic  particles  in  one  direction  is  balanced 
by  a  flux  of  low  velocity  particles  going  the  other 
way.  This  retum  current  can  drive  ion  acoustic  waves 
unstable.  There  are  three  principle  eff'ects  of  this 
instability;  first  the  électron  thermal  conductivity  is 
reduced;  second,  there  is  an  électron  ion  energy 
exchange;  and  third,  there  is  anomalous  absorption 
of  laser  light  resulting  from  the  scattering  of  laser 
light  on  the  ion  density  fluctuations.  A  linear  and 
quasi-linear  theory  of  this  instability  has  been 
published  recently  [21],  and  a  self  consistent  steady 
State  treatment  of  the  coupling  of  anomalous  absorp- 
tion and  flux  limitation  has  also  been  presented  [22]. 
Here,  a  fluctuation  level  is  required,  but  then  with 
this  fluctuation  level,  the  transport  coefficients  are 
related  by  quasi-linear  theory. 

The  approach  in  référence  [9]  is  to  numerically 
solve  the  fluid  équations  where  anomalous  transport 
and  backscatter  results  from  thèse  two  instabilities. 
We  have  simulated  three  types  of  Nd  laser  puises. 
First  single  short  (70  ps)  puises  on  a  target  which  has 


Fig.  1 1.  —  Calculated  laser  light  absorption,  résonant  a 
backscatter  and  specular  reflection  versus  irradiance  for  : 
plasma  with  a  puise  of  70  ps  fwhm. 


an  initial  density  gradient  scale  length  of  This 
simulâtes  many  of  the  short  puise  experiments,  espe- 
cially  on  slab  targets.  We  find  that  the  absorption  is 
principally  résonant  absorption,  but  it  gets  a  strong 
boost  from  return  current  driven  turbulence.  From 
irradiances  of  10'*W/cm^  to  3xlO'^W/cm^  the 
absorption  is  about  40  %,  with  about  25  %  résonant 
absorption  (also  shown  in  figure  1 1  is  backscatter 
and  specular  reflection  v^.  irradiance).  This  is  in 
reasonable  agreement  with  data  taken  from  many 
laboratories.  In  figure  12  are  shown  expansion  velo- 
city, électron  température  and  flux  limit,  Q/nmV^, 
as  a  function  of  irradiance.  The  points  are  measured 
électron  températures  from  the  NRL  experiment  [23]. 

Nd  SHORT  PULSE 


Fig.  12.  —  Calculations  of  électron  température,  blowofî  velocity 
and  flux  limit  for  the  laser  puise  of  figure  II. 


A  second  simulation  is  of  a  double  structured 
puise.  Récent  experiments  at  NRL  have  shown  that 
if  the  main  laser  puise  illuminâtes  a  prepulse  formed 
plasma,  very  strong  backscatter  results  [24].  We 
model  this  by  assuming  a  100  |am  scale  length  for 
«  <  0.1  and  a  30  (i  scale  length  for  >  A^^,  and 
illuminate  with  a  single  70  ps  puise.  Shown  in  figure  13 
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Nd  LONG  PULSE 


13  —  Calculated  absorption,  backscattei,  résonant  absorp- 
n  and  specular  reflection  for  a  double  structured  Nd  laser  puise. 


Fig.  14.  —  As  in  tigure  11  for  a  NcJ  laser,  long  puise 


Nd  LONG  PULSE 


is  absorption,  backscatter,  résonant  absorption  and 
specular  reflection  as  a  function  of  irradiance.  Also 
shown  are  expérimental  measurements  of  backscatter 
as  a  function  of  irradiance.  Clearly  there  is  good 
qualitative  agreement  between  theory  and  experiment 
here. 

Finally  we  have  simulated  long  puise  experiments 
also.  Here  we  assume  a  gradient  scale  length  of 
100  n  and  take  a  puise  which  rises  up  to  a  final  steady 
irradiance  and  then  remains  constant.  In  figures  14 
and  15  are  shown  plots  of  absorption,  backscatter 
and  specular  reflection  versus  irradiance;  and  then 
plots  of  électron  température,  expansion  velocity 
and  flux  limit  versus  irradiance.  The  points  on  the 
figures  are  expérimental  measures  of  absorption  [25, 
26]  for  long  puise  experiments.  To  summarize,  the 
fluid  simulation  with  anomalous  transport  seems  to 
provide  qualitative  and  even  fair  quantitative  agree- 
ment with  experiments  on  laser  produced  plasmas 
for  a  variety  of  laser  puise  shapes  and  over  nearly 
five  orders  of  magnitude  in  irradiance. 

Now  what  about  our  initial  question  concerning 
whether  simple  scaling  laws  can  be  derived  from  first 


12  for  a  NJ  laser  long  puise 


principles  ?  The  entire  thrust  of  this  paper  is  that 
they  really  cannot.  However  this  does  not  mean 
that  no  progress  can  be  made  ;  on  the  contrary  it 
seems  that  one  can  go  far  with  fluid  simulations 
with  the  instability  entering  via  anomalous  transport. 
In  some  cases,  ail  that  is  needed  for  good  modeling 
is  the  linear  stability  threshold.  In  other  cases  non- 
linear  theory  and/or  relation  between  diff'erent  trans- 
port coefficients  is  needed.  However  in  ah  cases,  the 
scaling  comes  from  a  numerical  solution  of  the 
fluid  équations,  not  from  a  simple  scaling  law. 
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Introduction.  —  X-ray  spectroscopy  of  high  tem- 
pérature plasmas,  as  a  new  direction  in  plasma 
physics,  has  been  developed  recently  by  efforts  of 
many  scientists  in  différent  laboratories.  This  field 
deals  mainly  with  line  spectra  of  multiply  charged 
ions  in  the  spectrum  région  1-40  Â,  and  more  hard 
adjacent  continuous  component  is  of  mterest.  From 
physical  point  of  view  the  X-ray  plasma  spectroscopy 
has  the  foUowing  background.  In  a  case  of  ions 
with  a  high  charge  Z>  \  any  excitation  decays 
mainly  due  to  radiation.  Other  channels,  both  colli- 
sions and  autoionization  exist  being  well  controlled 
corrections  in  companson  with  radiative  one.  It 
leads  to  simple  and  understandable  connections  bet- 
ween  spectral  line  intensities  and  mechanism  of 
spectra  formation.  Modem  physics  of  electronic  and 
atomic  collisions  provides  sufficient  and  accurate 
methods  for  calculations  of  cross  sections  and  rate 
coefficients  involvmg  multiply  charged  ions.  Theore- 
tical  spectroscopy  has  also  reliable  methods  tor 
classification  and  calculations  of  spectral  fines  in 
the  X-ray  région.  Simultaneously,  expérimental  tech- 
nique has  been  developed  with  appropriate  spectral, 
time  and  spatial  resolution.  It  is  worth  notmg  that 
in  the  most  of  important  cases  low  density  astro- 
physical  plasmas  (électron  density  N,.<  \0    cm  ) 
and  laboratory  plasmas  (TV,  <  lO^^-lO"  cm'^)  are 
optically  thin  for  the  X-ray  radiation.  It  helps  much 
for  interprétation  of  expérimental  results,  and  theo- 
retical  analysis. 

Therefore,  the  X-ray  plasma  spectroscopy  contains 
three  important  parts  :  new  sources  and  measurement 
methods  of  highly  charged  ion  spectral  data  +  physics 
of  electronic  and  atomic  collisions +  theoretical  spec- 
troscopy of  ions.  For  plasma  physics  the  X-ray 
spectroscopy  provides  new  and  effective  methods  of 
contactless  plasma  diagnostics.  It  is  essential  that 
X-ray  spectroscopy  methods  are  equally  valid  for 
investigation  both  of  astrophysical  (active  régions 
and  Solar  flares)  and  laboratory  plasmas.  At  the 
présent  time  this  field  has  many  hundreds  of  original 


papers  and  just  few  review  publications.  Among 
the  latter  papers  [1-6]  contain  some  systematization 
and  extended  list  of  références  to  earlier  works. 

1 .  Plasma  parameters  obtained  from  X-ray  spectra. 

—  Multiply  charged  heavy  ions  are  small  impurities 
(much  less  than  1  %)  in  astrophysical  plasmas  and 
in  stationary  laboratory  sources  {Tokamak,  Stella- 
rator  etc.).  Inertial  plasmas  produced  by  laser  or 
electronic  beams,  plasmas  of  exploding  wires  and 
low-inductance  sparks  may  be  chemically  homoge- 
neous  or  consist  of  few  heavy  éléments.  X-ray  spec- 
troscopy provides  universal  diagnostic  methods  valid 
for  aU  the  cases  mentioned.  It  is  important  to  under- 
hne  that  plasma  parameters  can  be  obtained  with 
the  help  of  relative  intensities  of  spectral  fines,  and 
one  can  avoid  absolute  flux  calibration.  Still  absolute 
measurements  provide  the  additional  information 
(émission  measure,  etc.).  Plasma  parameters  and 
types  of  spectral  line  used  for  the  détermination  ot 
them  are  listed  in  table  I. 


Table  I. 

Plasma  parameter 

Electronic  tempéra- 
ture T 

lonization  stage  ;  ef- 
fective ionization 
température 

Electronic  density 


Relative  intensities 


/JH]//R[He]  =  J2(T,), 


ail  ions 
ail  ions 


H-like  and  He- 
like  ions 


K  =  G   '  =  V  =  He-like  ions 

/,,),  ail  ions 
=  /sl^.)'  H-like 


=  /.(/)//.(//)  =  ,/4(^..)-  ail  ions 

^    /(2p,;,  IS,;,)  _ 

/(2P3,2  -  1 


Energy  distributic 
of  électrons  ; 

Présence  of  electro-  /k„/^r 
nie  beams 


H-  and  He-like  ions 


C7-280 


L.  P.  PRESNYAKOV  AND  A,  M.  URNOV 


Here  are  the  intensities  of  the  résonance  lines, 
and  Ij  are  intensities  of  the  intercombination  lines 
in  He-like  ions.  For  the  satelhte  line  intensities  1^ 
and  /,'""  mean  satellites  produced  by  the  dielectronic 
recombination  and  the  direct  électron  impact  inner 
shell  excitation  respectively.  The  lines,  and  K^, 
are  usual  characteristic  lines  produced  by  ions 
with  K-shell  vacancies.  Détermination  of  T,  with  the 
help  of  the  Doppler  shift  is  well  known  in  classical 
spectroscopy  (spectroscopy  of  low-temperature  plas- 
mas). Some  methods  of  density  diagnostics,  for 
example,  intercombination-to-resonance  line  ratio 
for  He-like  ions,  a,  take  also  their  origin  in  classical 
spectroscopy.  AH  other  have  been  developed  during 
the  last  décade  simultaneously  with  the  development 
of  the  X-ray  spectroscopy. 


2.  Satellites  of  spectral  lines.  —  General  spectral 
structure  of  a  multiply  charged  ion  resembles  a 
spectrum  of  a  neutral  atom  of  the  same  isoelectronic 
séries.  Ions  with  a  charge  Z  ^  1  contain  bright 
satellite  lines  which  arise  due  to  radiative  decay  of 
doubly-excited  autoionization  states  of  ions.  Consider 
usual  (one-electron)  radiative  transition,  y,  Jo^  in 
an  ion  with  a  charge  Z,  where  dénotes  the  set  of 
quantum  number  of  excited  states.  Radiative  decay 
of  autoionizing  state  y,  ni  (ni  are  the  additional 
électron  quantum  numbers)  in  an  ion  with  charge  Z  -  1, 
71  ni  ni,  gives  a  satellite  line  to  the  transition 
yi  lo-  For  large  Z  the  wavelength  différence  bet- 
ween  the  parent  line  and  its  satellite  is  very  small 


I  ^(yi  ^  Jo)  -  ÀÇyi  ni  ^  yp  ni)  | 
->  >'o) 


<^  1  . 


Radiative  transitions  from  doubly-excited  states  in 
He-like  ions,  2pnl  ->■  Isnl,  give  satellites  to  the  réso- 
nance line  of  H-like  ion,  2p  ->  Is.  The  résonance  line 
of  He-like  ion,  is  2p('P) Is^('S),  has  satellites 
from  Li-like  ions  (transitions  ls2pnl-^>  Is^  ni),  Be- 
like  ions,  B-like  ions  and  so  on.  One  may  consider 
the  K,-lines  as  satellites  to  the  résonance  lines  of 
He-like  ions  radiated  from  ions  with  filled  L-shells. 
With  n  =  2  for  the  additional  électron  the  satellites 
are  well  separated  from  the  parent  line  and  have  red 
shift;  «  =  3  satellites  are  much  doser  and  may  be 
located  on  both  red  and  blue  sides  of  the  parent  line. 
Satellites  with  n  ^  4  are  usually  located  within  the 
Doppler  width  of  the  parent  line.  The  first  observa- 
tions and  interprétation  of  weak  satellite  lines  have 
been  published  by  Edlèn  and  Tyren  in  1939  [7]  for 
the  case  of  ions  with  small  charge  (see  also  [8]). 
Modem  development  of  X-ray  spectroscopy  and 
diagnostics  has  begun  about  10  years  ago  when  hot 
plasma  sources  (both  laboratory  and  astrophysical) 
became  a  subject  of  investigation  [9-17].  For  highly 
charged  ions  with  Z  >  10  satellite  lines  have  inten- 


sities comparable  with  the  résonance  Ime  mtensity. 
Diagnostics  requires  good  spectral  resolution 


A/AA  ^10*    for    À  =  1  -  lOÂ  . 


ty. 

i 


At  présent  we  have  theoretical  calculations  [2,  18-22, 
24]  and  expérimental  measurements  [3,  23,  24],' 
which  are  in  reasonable  agreement  .[2,  23-24]  with 
them. 


3.  Mechanisms  of  spectra  excitation.  —  lonic  X-ray 
spectral  lines  are  formed  mainly  due  to  electron-ion 
collisions.  In  hot  plasmas  collisions  between  ions 
are  less  important  because  of  the  Coulomb  repulsion. 
They  give  some  contribution  to  collisional  transitions 
within  limited  groups  of  neighbouring  ionic  levels. 
At  présent  time  the  influence  of  charge  transfer 
process  is  studied  insufficiently,  although  under 
certain  circumstances  they  may  be  important  for 
excitation  of  lines  belonging  to  higher  members  of 
the  résonance  séries  [25].  Binary  electron-ion  colli- 
sions lead  to  the  following  processes  :  i)  impact 
excitation  and  ionization,  ii)  dielectronic  recombi- 
nation, iii)  radiative  recombination.  Three-body  col- 
lisions give  smaller  contribution  to  X-ray  spectra 
excitation  even  in  the  case  of  superdense  laser- 
produced  plasmas. 

i)  Direct  impact  excitation  of  an  outer  ionic  shell 
produce  usual  (one-electron)  excited  states  : 

e  +  B,(7o)  ^  e  +  B*(y,)  ^  e  +  B,(yo)  +  fioi  .  (l)i 

Here  hoi  is  the  energy  of  a  quantum  after  radiative' 
decay.  Impact  ionization  of  the  K-shell  in  Li-like 
ions  leads  to  excited  He-like  ions.  Impact  inner  shell 
excitation  gives  autoionization  states  of  ions  B**i  ' 
with  two  (or  more)  excited  électrons  : 


e  +  B,_,(yonl)  ^  e  +  B^*,(y,  ni)  . 


(2) 


ii)  Dielectronic  recombination  is  the  inverse  pro- 
cess of  autoionization  : 


e  +  B,(yo)  ^  B*_*,(y,  ni). 


(3) 


The  intensity  of  the  satellite  line  dépends  on  the 
branching  ratio  for  the  decay  of  B*^,  by  radiation 
(rate.  A)  and  autoionization  (rate,  V  ) 


'i(yi  ni): 


-  B,(yo)  +  e 


i(y)  -h  ^a», . 


(4) 


As  a  rule,  A  <^  T  for  Z  <  15  and  A  >  T  for  Z  >  15. 

iii)  Radiative  recombination  leads  to  population 
of  usual  states  (ground  and  excited)  of  ions  and 
gives  some  contribution  to  continuons  spectrum 


i(7o)- 


(5) 
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rhe  major  part  of  information  on  excitation  and 
Jecay  rate  coefficients  is  provided  by  theoretical 
^alculations.  The  expérimental  data,  with  very  few 
exceptions,  are  not  available  now,  whereas  the 
theoretical  methods  are  devcloped  with  suHicient 
accuracy.  In  a  case  of  highly  charged  lon,^  Z  >  1, 
we  have  the  natural  small  parameter,  Z  ,  which 
gives  a  tool  for  estimation  of  calculation  accuracy. 

Consider  a  physical  picture  of  an  electron-ion 
collision  : 

e  +  B,(yo)^^*.(y  ni)  ^  BJO',)  +  e'  {6h) 
B,  _  ,  +  hu)  .  (6c) 


The  process  (6a)  mcans  potential  (direct  and  exchange) 
excitation  ;  (bh)  dénotes  résonance  excitation  :  élec- 
tron capture  into  doubly  excited  states  with  the 
principal  quantum  number  n  >  1  and  autoionization 
dcciy    (6(  )  rcprcsents  radiative  decay  of  the  réso- 
nances (radiative  capture).  For  Z  ^  1  the  compli- 
cated  collision  problem  can  be  solved  in  an  explicit 
analytic  form  [2,  26].  The  results  show  that  the 
résonance  excitation  is  important  when  the  excitation 
threshold  has  a  value  few  times  less  than  the  one 
électron  ionization  threshold.  In  this  case  the  effect 
of  the  électron  exchange  has  small  influence  to  the 
potential  part  of  a  cross  section  (for  example,  excita- 
tion of  Li-  and  Be-like  ions  from  the  ground  state). 
If  the  excitation  threshold  is  comparable  with  the 
ionization  one  the  exchange  effect  is  important  [27] 
and  résonance  excitation  is  small.  Influence  of  both 
effects  is  shown  in  figure  1.  In  the  case  of  electric 
dipole  transitions  with  small  energy  différence  ^E, 
between  the  initial  and  final  levels  thèse  eff-ects  do 
not  contribute  to  excitation  rates  if  àE  <  kT,  where 
T  is  the  électron  température.  For  this  spécifie  case 
simplified  calculations  can  be  donc  in  a  pure  analytic 
form  (see,  for  example,  [6]  and  [28]).  Extended  cal- 
culations for  the  wavelengths  /,  and  for  the  rate 
coefficients  (radiation  A,  autoionization  T ,  and  exci- 
tation C  =  <  ra  »  are  given  in  papers  [2,  6,  18-22, 
24,  28]. 


4  Physical  principles  of  transient  plasma  X-ray 
diagnostics.  —  We  start  our  analysis  with  the  Maxwell 
distribution  for  plasma  électrons  and  the  effective 
électron  température  T.  If  électrons  have  some  noti- 
ceable  déviation  from  Maxwell  distribution  (for 
example,  electronic  beams)  it  can  be  also  noticed 
and  investigated  using  spectroscopic  methods.  In 
transient  plasmas  the  ionization  stage  (distribution 
of  ions  over  différent  ionic  charges)  is  determined  by 
the  électron  température,  électron  density  A^,,  and 
the  initial/boundary  conditions.  The  ionization  stage 
can  be  obtained  from  the  ratio  {N.^.JN,),  where  TV, 
is  the  ion  concentration  with  the  charge  Z.  Fol- 
lowing  to  Gabriel  [18]  we  use  the  ionization  para- 
meter T-  : 


(7) 


defined  as  the  steady-state  température  for  the  given 
(experimentally  observed)  ratio  {N,^JN,).  Then, 
T  =  rcorresponds  to  the  steady  State,  <  Tmeans 
supercooled  plasma,  and  T,  >  T  overheated.  If  the 
électron  température  remains  constant,  T,  goes  to  T, 
„■  ;„n.     which  means  recombination  of  overheated  plasmas 

Fig.  1.  -  Excitation  cross  sections    or  e  -tron-.on^  colhs.on.  .^^^^^^.^^         supercooled  plasmas. 

:!th rl^g:  2,  l  '^rJ^:^  ;:chin i;  3»  for  2  .evd  strictly  speaking,  au  the  line  intens.ties  dépend 
:,th  ZÏZ  :  4)  the  sum  of  cross  sect.ons  1  and  3.  /,)  Trans,-    ^„     y^.,,  and  T..  The  problem  lies  in  the  sélection  of 

^       -    " "  "  the  spectral  lines  which  are  the  most  sensitive  to  one 

of  the  chosen  plasma  parameters.  The  grcat  part  of 
section. 


2p- 


h) 


^  3s  in  O  VI  ion  [26]  :  dashcd  c 
curvc  is  the  total  (potential 


is  the  potential 
f  résonance)  cross 
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diagnostics  based  on  relative  intensity  measurements 
requires  the  knowledge  of  the  excitation  and  relaxa- 
tion rate  coefficients. 

4.1  Electron  température  T.  —  The  résonance 
line  intensity  of  the  ion  with  the  charge  Z  is  equal  to 


/r  -  N.  N, 


where  A^.  and  are  the  ion  and  électron  densities, 
Cr  is  the  effective  excitation  rate  for  the  résonance 
line,  is  the  radiative  decay  probability,  is  the 
collision  relaxation  rate.  Since  in  all  the  cases      f>  ^r. 


+  Qr 


(9) 


If  a  doubly  excited  state  of  the  ion  B^„i  is  populated 
by  the  dielectronic  recombination  (3)  exclusively  the 
related  satellite  line  intensity  is  equal  to 


yo\kT)     r  +  ZA 

(10) 

where  is  the  Bohr  radius,  and  are  the  statis- 
tical  weights  of  the  ground  state  of  B^,  y^,  and  of 
the  autoionization  level  in  Bj._i,  y,  ni,  respectively, 
and  E,  =  E{y  ni)  -  £{yo). 

The  relative  satellite  intensity  has  well-defined 
température  dependence 


r  +  lA 

Cr{T) 


fi(T).  (11) 


In  practice  the  effective  excitation  rate,  Cf^{T),  has 
also  some  dependence  of  the  électron  density  N^,  due 
to  cascading  processes,  which  is  usually  taken  into 
considération.  For  more  détails  see,  for  example, 
[2,  6,  18-19,  28]. 

4.2  lONizATiON  STAGE  T^.  —  Inncr  shell  excita- 
tion (3)  leads  to  the  satellite  intensity 

A 

/,'""  =  N^_i'N^'C,' ^  _^  [photon.cm"-\s"'] 

(12) 

where  C,  is  the  inner  shell  électron  excitation  rate. 
Since  the  ratio  (CJCr)  practically  does  not  dépend 
on  the  électron  température,  the  relative  intensity 

.,„„  N..  C,  A 


A^,    Cr  r  +  ZA 


=  /2(n)  (13) 


can  be  used  for  the  measurements  of  the  ionization 
parameter  T.  [2,  18-19]. 

For  the  same  purpose  can  be  used  the  résonance  line 
intensity  ratio  for  the  He-like  ions  and  H-like  ions 


- /1r  [photon.cm^  Vs'']  (8) 


/.[He]___ 


(14) 


It  is  worth  noting  that  some  satellites  can  be  mainly 
excited  by  dielectronic  recombination,  and  the  others 
by  inner  shell  excitation.  For  the  most  of  them  the 
both  processes  lead  to  comparable  contributions. 
Relevant  sélection  rules  are  given  in  [2,  19,  21,  24]. 
For  this  reason  détermination  of  T  and  T.  has  to  be 
donc  simultaneously. 

4 . 3  Electron  density  N^.  —  In  the  limiting  cases 
of  both  the  coronal  model  and  Boltzmann  equili- 
brium  relative  line  intensities  do  not  dépend  on  the 
électron  température.  For  électron  density  measure- 
ments one  has  to  choose  the  spectral  lines  sensitive 
to  the  density,  to  solve  relevant  balance  équations, 
and  to  compare  expérimental  results  with  the  calcula- 
tions.  This  program  has  its  origin  in  the  classical 
spectroscopy.  New  élément  consists  in  using  the 
satellite  lines.  He-like  ions.  The  résonance  and  inter- 
combination  lines. 

For  He-like  ions  the  probability  of  the  radiative 
decay  of  the  ls2p(^Pi)  level  is  several  orders  of 
magnitude  less  than  the  decay  probability  of  the 
ls2p('Pi)  level,  whereas  their  excitation  cross-s 
tions  have  the  same  order  of  magnitude  (Fig.  la). 
As  was  pointed  out  by  Edlèn  [29]  the  intensity  ratio  of 
the  résonance  line  to  the  intercombination  line 


7^(2  'P.  ^  1  -Sq) 
■/^(2^P,  ^1  -So)^ 


(15) 


is  a  function  of  a  plasma  électron  density,  which  i 
quite  useful  in  its  détermination  [30].  Récent  calcula- 
tions  (see  Fig.  2)  [5,  6,  27,  28,  31]  show  that  in  the 
région  of  A^^  <^  10'°cm"-\  a  is  independent  of  the 
(coronal  model).  In  the  région 

10"  cm-3  «  N^,  «  lO'^cm-3  , 

collision  relaxation  of  all  the  2  -^Lj  levels  leads  to  their 
radiative  decay  via  the  2  ■'P,  level,  and  a  goes  down. 
For  10*^  <  A'^  <  10"*  cm^  -Mhe  raiio  a  is  determined 
by  the  ratio  of  the  total  excitation  rates  of  the  singlet 
to  triplet  groups  of  the  «  =  2  levels,  and  a  is  close  to  1. 
In  the  région  A^^  >  10'"  cm  '  radiative  decay  of 
triplets  is  suppressed  by  collisions,  and  a  increases 
proportionally  to  A'^,,  which  is  convenient  for  density 
diagnostics  of  superdense  plasmas  (Fig.  2).  Calcula- 
tions  and  comparison  with  the  expérimental  results  [32] 
are  given  assuming  T.  ^  T.  Results  for  supercooled 
and  over-heated  plasmas  [31]  (with  T.  ^  T)  give 
some  corrections  for  the  ratio  a  within  25  %. 
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Crosses  :  expérimental  data  [32].  dence  li(N^)  for  MgXII  [28]. 


H-like  ions. 


The  résonance  line  and  related  satel- 


The  résonance  line  has  two  groups  of  density 
sensitive  satellites 

(I)  2s2p^Po,i,2  ls2s^S,, 

(II)  2p^       ->  Is  2p  -^P,,2,  2p^  ^P,  -  Is  2p  ^Po.i, 

which  are  useful  for  diagnostic  purposes  [28,  33]. 
In  the  coronal  limit  the  2s  2p  configuration  is  popu- 
lated  by  the  dielectronic  recombination,  whereas  the 
population  of  the  2p^  configuration  is  small.  With 
density  increasing  the  collisions  lead  to  the  Boltzmann 
distribution  within  the  triplet  system,  and  the  ratio 
of  the  line  intensities  of  groups  (I)  and  (II), 


4(1) 
4(11) 


(16) 


increases  as  it  is  shown  in  figure  3a.  It  is  worth  noting 
that  the  distribution  between  the  triplet  and  singlet 
level  Systems  remains  still  close  to  the  coronal  distri- 
bution in  the  région  of  électron  densities 


Ne 


10'"-10"  cm-^    for    Z  =  10-15  . 


Similar  situation  takes  place  for  the  ratio  of  inten- 
sities of  the  fine  structure  components  of  the  Lyman 
doublet  of  H-like  ions  [28], 


/(2p,/2 


ISio) 


/(2p3/2  -*  •s,/2) 


(17) 


;  of  calculation  are  shown  in  figure  3h.  Addi- 


tional  aspects  of  the  density  dependence  are  given 
in  the  Appendix. 

The  methods  discussed  here  provide  possibihties 
for  sumultaneous  measurements  of  the  parameters  T 
T  and  N  using  the  Unes  with  small  wavelength 
différences'  Ail  the  Unes  belong  to  the  ions  with  the 
charge  Z  and  Z  ±  1,  i.e.  to  the  ions  which  can  be 
excited  under  similar  conditions.  It  helps  much  tor 
the  better  understanding  of  spatial  (and  time)  plasma 
properties. 

5  Interprétation  of  expérimental  data.  —  The 

methods  presented  here  are  widely  used  for  the 
X-ray  diagnostics  of  hot  laboratory  and  astro- 
physical  plasmas.  Some  results  are  given  in  this 
section  The  continuous  curve  is  the  observed  spec- 
trum  while  the  straight  vertical  Unes  represent  wave- 
length and  intensities  of  the  computed  lines.  The 
He-like  spectra  are  shown  by  broken  Unes.  For  the 
satellites,  the  dielectronic  recombination  contribution 
is  shown  by  solid  Unes  while  the  inner-shell  excitation 
contribution  is  shown  by  dotted  lines.  The  Unes  are 
denoted  according  to  Gabriel  [18]  (see  also  Appendix). 

5  1  SOLAR  FLARE  SPECTRA.  -  The  H-like  and  He- 
like  ion  spectra  and  associated  satellites  are  only 
emitted  during  X-ray  solar  flares.  Although  they  have 
been  observed  by  several  workers,  by  far  the  best 
spectra  are  those  obtained  by  Lebedev  Physical 
Institute  experiment  from  the  Intercosmos  IV  orbiting 
platform  [15-17,  34-36].  Figure  4  shows  the  spectra 
of  the  initial,  maximum  and  final  phases  for  the 
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nm    ri  [fi) 


Fig.  4.  —  Highly  charged  iron  ion  spectra  obtained  by  the  Inter- 
cosmos IV  experiment  [34-35]. 


us'  Fe     Vil  m  Fe    m  16 11/0  2B  PL 

20|        jVfF.  ^'lil 


0 

m 

1 

n 

500 

0 

0103  (UT) 

500 
0 

 .  ^. 

17b      180      185  190 

0105(ui? 

Fig.  6.  —  K,-lines  in  iron  ion  spectra  [36]. 


X-ray  flares  with  good  spectral  resolution.  By  way 
of  an  example,  the  theoretical  calculations  for  two 
of  thèse  spectra  in  comparison  with  observations 
are  given  in  figure  5.  The  results  show  that  the  électron 
température  was  the  same  for  both  scans,  and  the 
ionization  balance  was  one  of  recombination  during 
the  first  Scan  {T.^  >  T)  but  reached  steady  state  during 
the  second  {T,  =  T). 

Another  example  is  given  in  figure  6.  Présence  of 
the  and  lines  shows  effective  K-shell  ionization 
of  the  iron  ions  with  Z  =  7-17  at  the  initial  (cool) 
stage  of  the  flare.  The  interprétation  includes  appea- 
rance  of  électron  beams  [36]  and  detailed  calculations 
are  in  good  agreement  with  the  results  of  simultaneous 
observations  of  radiation  polarization  and  the  abso- 
lute  X-ray  flux  measurements. 


X-RAY  ENERGY  (keV) 


Fig.  5.  —  Fe  XXV  spectra  and  associated  satellites  recorded  at 
two  times  [17]  and  compared  with  calculations  [19]. 


Fig.  7.  —  Fe  XXV-Fe  XXIV  ion  spectra  of  the  PLT  Tokamak  [37] 
in  comparison  with  the  Intercosmos  IV  [17]. 
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Fig  8.  —  Fe  XXV-Fe  XXIV  ion  specin 
vacuum  spark  [23]  in  comparison  with  calculations  [19]. 


5.2  Laboratory  plasmas.  —  Non-time-resolved 
spectrograms  of  laboratory  plasmas  are  given  in 
figures  7,  8  and  9.  An  analysis  of  plasma  conditions  m 
tokamaks,  vacuum  sparks  and  laser  plasmas  shows 
that  the  values  of  N^r  are  close  to  10'' cm" ^  s 
(or  even  less).  This  suggests  a  non-steady-state 
conditions  in  the  cases  of  highest  ionization  stages 
observed  for  heavy  éléments  {T,  <  T  for  Z  >  15). 

Time-resolved  spectra  of  some  H-  and  He-like 
ion  résonance  lines  [38]  and  associated  satellites 
have  been  recently  obtained  at  Lebedev  Physical 
Institute  (Fig.  1 0- 1 2).  With  the  NdAaser  puise  duration 
about  5  ns,  the  time  resolution  of  the  spectra  obtained 
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3,18 


3.20 
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Fig.  10.  —  Time  dépendance  of  the  Al  XIII  and  Al  XII  résonance 
lines  observed  in  a  laser  plasma  [38].  The  upper  curve  represents 
a  laser  puise. 


was  about  1.5  ns.  The  time  dependences  of  TV,  and  T 
have  been  obtained  from  the  relative  intensities  of 
dielectronic  satellites  (H-like  and  He-like  ions)  and 
of  intercombination  line  (He-like  ions)  to  the  réso- 
nance line  [38]. 


or 


1    2    3   A-    5   6  -t^^S 


0     12    3^5        t,  , 


Fig.  9.  ^CaXIX-taXVllI  uin  spcclrum  ot 
plasma  [3]  in  comparison  with  calculations  [2]. 


,  laser  produced     Fig,  11.      Expérimental  values  of  i 
density      as  a  function  of  time  [38]. 
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Further  investigations  of  time-resolved  spectra  are 
extremely  useful  for  better  understanding  of  plasma 
dynamics. 


Conclusions.  —  The  results  and  methods  discussed 
here  show  that  the  hne  spectra  of  highly  charged 
ions  provide  a  great  deal  of  information  on  the 
properties  of  hot  plasmas.  The  X-ray  spectroscopy 
is  of  spécial  importance  for  ail  cases  where  the  appli- 
cation of  contact  methods  for  diagnostics  is  practically 
impossible  (solar  flares,  laboratory  plasmas  with 
large  électron  densities  and  short  lifetime). 
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Appendix.  —  Ail  diagnostics  methods  based  on  the 
satellite  Unes  suggest  the  coronal  model  conditions, 
which  are  valid  for  rather  high  électron  densities  up 
to  A^i  ~  1020-22  for  Z  =  15-25.  At  higher 

densities  A^^  >  A'^,  the  collisional  mixing  between 
excited  levels  due  to  électron  impact  becomes  impor- 
tant. The  satellite  relative  intensity  occurs  sensitive 
to  the  électron  density  and  therefore  provide  fairly 
good  method  of  density  diagnostics  for  superdense 


plasma  until  the  Boltzmann  equilibrium  between 
excited  levels  will  happen.  The  latter  case  is  realized 
at  the  densities  N^.  >  7V2,  where  characteristic 
density  N2  is  of  order  lO^'^'^^cm"^  for  the  same 
Z  =  15-25.  The  populations  of  ail  doubly-excited 
levels  are  proportional  to  their  statistical  weight  when 
A^,.  >  N2,  and  intensities  of  satellite  lines  are  propor- 
tional to  the  probability  of  radiative  decay. 

It  happens  so  that  ail  upper  levels  which  give 
arise  to  satellite  lines  may  be  divided  into  two  groups 
with  différent  total  spin,  S.  Thèse  states  are,  for 
example,  singlet  and  triplet  states  of  He-like  system 
(satellites  to  the  H-like  résonance  line)  and  doublet 
and  quadruplet  states  for  Li-like  one.  Taking  into 
account  only  the  most  effective  dipole  transitions  it  is 
possible  to  dérive  équations  for  the  states  with 
definite  total  spin  5  which  belongs  to  one  configuration 
only  (for  example  for  levels  :  q,  r,  s,  t  of  the  is  2s  2p 
configuration  for  Li-like  ions).  Thèse  équations  may 
be  written  in  the  form  ; 

N,{A,  +  N^C,)  =  Q,  +  a,  +  Y^N,.b^^.  (A.l) 

where 

Q,  =  A^,+  1  A^,  Cf^,  +  N.^      €1"^  (A .  2) 

=  ZC,,  (A. 3) 


Table  II.  —  Relative  satellite  line  intensities  {in  %  to  the  total  sum  over  ail  satellite  lines)  in  respect  to  électron 
density  N^.  H-like  ions. 


Key 

«  N, 

N 

Transition 

Mg 

:  Fe 

Mg 

Fe 

:  Mg 

:  Fe 

1 

2p2(3p,)-ls2p(^P2) 

A 

3.2 

12.7 

5.9 

3.4 

19.3 

12.0 

2 

2p2(3p,).is2p(3p,) 

B 

1.1 

4.0 

2.0 

2.1 

6.4 

7.5 

3 

2p2(3p,)-ls2p(3p,) 

C 

2.0 

1.7 

6.4 

6.0 

4 

2p2(3p,).is2p(3p,) 

D 

1.2 

0.9 

0.4 

3.4 

5 

2p2(-'Pj)-ls2p(^Po) 

E 

1.6 

1.35 

5.2 

4.7 

6 

2p2(3p,)-ls2p(3p,) 

F 

0.06 

0.18 

1.6 

1.2 

5.2 

4.4 

7 

2p2(3p,).ls2p('P,) 

G 

4.5 

1.2 

4.2 

8 

2p2(3p,)-ls2p('P,) 

H 

0.09 

0.3 

9 

2p2(3p„)-ls2p('P,) 

I 

0.02 

0.08 

10 

2p2('D2)-ls2p(^P,) 

J 

49.1 

33.3 

53.4 

40.7 

25.8 

17.9 

11 

2p2('D,)-ls2p(-^P,) 

K 

0.2 

10.7 

7.2 

13.4 

1.3 

6.0 

12 

2p2('D2)-ls2p(-^P,) 

L 

0.05 

0.06 

0.03 

13 

2p2('S„)-ls2p('P,) 

M 

4.0 

1.7 

0.9 

9.4 

0.6 

4.2 

14 

2p2('So)-ls2p(-^P,) 

N 

15 

2s^('So)-ls2p('P,) 

0 

2.2 

2.2 

2.2 

1.1 

1.0 

0.4 

16 

2s2('So)-ls2p(^P,) 

P 

1.8 

0.9 

0.4 

17 

2s  2p(3P2)-ls2p(3S,) 

0 

13.8 

3.26 

4.0 

3.4 

12.9 

12.0 

18 

2s  2p(^Pi)-ls2p(3S,) 

R 

8.3 

2.9 

2.4 

1.95 

6.4 

6.8 

19 

2s  2p(X)-ls2p(^S,) 

S 

2.8 

0.65 

10.1 

0.7 

2.6 

2.3 

20 

2s  2p('P,)-ls2p('So) 

T 

15.3 

17.3 

5.5 

15.7 

6.4 

7.0 

21 

2s  2p(3p,)-ls2pCSo) 

U 

0.07 

0.08 

0.3 

22 

2s  2p('P,)-2s2p(3S,) 

V 

0.7 

0.6 

0.3 
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(A. 4) 
(A.  5) 


Here  C  «  is  the  rate  of  optically  allowed  collisional 
m.xmg  between  two  levels  a,  /i.  be!o.iging  Jo  différent 
configurations  (for  instance,  Is2s2p  and  2s  2p  m 
the  case  considered  above)  ;  C„.  is  the  rate  of  pumping 
of  the  level  a  due  to  radiative  capture  (dielectronic 
recombination)  and/or  direct  électron  impact.  At 
low  densities 


Here  the  sum  is  carried  out  over  ail  coupled  states  y 
(both  configurations  in  the  case  aforc  mentioncd). 

In  the  intcrmediate  case  the  relative  satellite  inlen- 
sities  dépend  on  N,.  until  the  quasi-coronal,  quasi- 
Boltzmann  equilibrium  will  be  achieved  whcn  ail 
levels  within  one  group  (doublet  or  quadruplet  ior 
Li-like  ions)  are  in  Boltzmann  equilibrium  in  accor- 
dant with  (A. 7),  and  levels  from  différent  group 
are  in  coronal  conditions.  When  density  becomes  so 
high  as 


N ,>  N2  =  ^'à^^ 


N,,  <  Ni  =  min 


and  we  get  the  coronal  equilibrium  ;  the  population 
in  this  case  is  equal  to  : 


N,  -■ 


A,  +  r. 


(A.  6) 


In  the  opposite  case,  A^,  >  N,,  when  ail  the  terms 
in  (A  1)  proportional  to  N,.  are  important,  the  Boltz- 
mann equilibrium  between  ail  levels  of  choosed 
group  occurs  and  populations  become  proportional 
to  the  statistical  weight  of  the  level  ; 

N,  =  y,--^  •  (A. 7) 


Table  III.  —  Relative  satellite  line  intensities  {in  ' 
density  N^..  He-like  ions. 

Key 

N 


where  is  the  rate  of  intercombination  transition, 
the  Boltzmann  conditions  for  ail  the  states  are  valid. 
Since  the  C^^'  is  of  about  two  order  of  magnitud^less 
compare  to  C,p  without  changing  of  spin  (A5  -  0), 
the  N2  value  is  at  least  two  order  of  magnitude  higher 
than  Ni. 
The  ratio 

where  /  is  the  intensity  of  a  given  sateUite,  can  be 
used  as  a  good  indicator  of  the  électron  density  région. 
Tables  II  and  III  show  the  <3-values  for  three  hmiting 
cases  considered  above.  Calculations  have  been 
done  for  the  température  at  which  the  résonance 
lines  have  their  maximum  intensity. 


^  to  the  total  sum  over  ail  satellite  lines)  in  respect  to  électron 


Transition 

ls2p^(2Pv2)-ls'  2p(^P3/2) 
ls2p2(^Pv2)-ls'  2p(^P) 
ls2p2(^P,/2)-ls'  2p(2P) 
ls2p^(^P„2)-ls'  2p(^P) 
ls2p^(^Ps,2)-ls'  2p(^P) 
ls2p^(^P,,2)-ls'  2p(^P) 
ls2p^(^Pv2)-ls'  2p(^P) 
ls2p^(^P,/2)-ls'  2p(^P) 
ls2p^(^P,;2)-l^'  2p(^P) 
ls2p2(^D,/2)-ls^  2p(^P) 
ls2p^(^D„2)-ls'  2p(^P) 
ls2p^(-D,/2)-ls^  2p(^P) 
ls2p^(^S,/,)-ls^  2p(^P) 
ls2p^(^S„2)-ls^  2p(^P) 
ls2s^(^S„2)-is^  2p(^P) 
ls2s^(^S,/2)-is^  2p(^P) 
ls2s  2p(^Pv2)-ls'  2s('S,/2) 
ls2s  2p(^P„2)-ls'  2s(^S,/2) 
ls2s  2p('P,/2)-l^''  2s('S,/2) 
ls2s  2p(^P„2)-ls'  2s(^S,/2) 
Is  2s  2p(^P,/2)-'s^  2s(^S,/2) 
ls2s2p(^P,/2)-ls^  2s('S,/2) 


Mg  ;  Fe 


a 

8.1 

10.7 

24.8 

b 

1.1 

0.15 

3.5 

c 

0.94 

0.03 

4.5 

d 

1.9 

0.1 

9.6 

e 

0.3 

1.8 

f 

0.25 

g 
h 

0.4 

J 

32.7 

37.2 

14.8 

k 

20.7 

27.0 

9.0 

1 

1.5 

1.6 

0.6 

m 

5.6 

2.6 

3.2 

n 

2.2 

0.1 

1.3 

0 

0.7 

1.7 

P 

0.3 

2.1 

q 

10.6 

0.1 

18 

r 

7.1 

5.0 

8.7 

s 

3.5 

0.2 

1.6 

l 

2.6 

7.9 

0.1 

u 

0.1 

0.07 

Mg    :  Fe 


23.9 

0.3 

3.1 
10.5 

1.2 

0.2 

0.001 

0.2 

12.4 

12.6 
1.5 
4.7 
0.2 
0.2 
0.2 

18.7 
6.2 
0.03 
3.4 
0.4 
0.06 


Mg 


24 
3.5 


0.6 
3.0 
1.2 
0.3 
0.2 
17.8 
8.5 
1.5 


Fe 

23.6 

0.3 

3.1 
10.3 

2.0 

0.4 

0.002 
0.4 
12.3 
12.4 

1.5 

4.6 

0.2 

0.2 

0.2 
18.5 

6.1 

0.03 

3.4 

0.6 

0.1 
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Physics  on  plasma  chemistry 

P  Fauchais  and  .1.  Rakowitz 

U.o™,o.e  de  The^od,,».,,..  U  B.R.  des  Se»„ees.  Un.ve.K.  de  Li.o.es,        .e  An«„-Tho..s,  S.OO  U^oses 

Ré...  ^  Da„.  .0.  a„,e,c  apK,  un  bref  h,s.or„ue  de  '-^-[^f  ^^nlV^Sa^^^^^^^^^^  t 
rcren.s  >ype.  de  pla.mas  u.,l,sé»  e.  de  '^^  ""V'^"»  j'^^^^^T  "meZi  de^^^^^^^  la  >r=mpe  des  produits 
plasmas  avec  les  différents  problèmes  rencontres,  "«^^"ès  L hnidues  de  diagnostic  utiUsces  en  chimte  des 
et  la  catalyse.  Nous  continuons  alors  par  une  discussion  „         population  des  états 

plasmas  tan,  pour  ie  plasma  lui-méme^  ::::;;drr«  7e  tro  c  p  eTt^as"  des  lons.Ve  pour  les  maté- 

tinrs'rt«„se„p.asebomo.e„eunbrerrappe,des.a.^ 

SUIVI  par  des  exemples  d'applications  de  «'^,?^;"'Xt;irne  é  de  "aa  cyanhydnque  dans  une  torche  haute 
?^ttT="„fhSrdrcrp:s'rorn,::utrefirr:;S^^^^^^    mol^-ulaire^de  ro.y..ne  O,       produit  dans 

roLrSrn':e?;rseSne.nousrappelons.o^^ 

et  de  transport  du  plasma,  puis  nous  considérons  les  problème  de, ran^^^^^^  P  uniquement 

u^rcZ^e-rd^rr^hy^^^^^ 

celles  où  il  est  le  siège  d'une  transformation  chimique. 

Ahs.,.e..  ^  in  this  paper.  after  a  brief  historical  review  of  P'-;^^;^  t:^'^ 
rent  types  of  plasmas  used.  and  of  their  means  of  production.  /'f  "  '  ute^^^^^     fo„„wed  by  a  dis- 

,he  pr^o^lems^of  mixing  the  --ants  w.th  the  p.asma^.he^^^^^^  ^^^^^^J^^ 
cussion  or  diagnoslic  techniques  eilher  on  the  P';;/";  '^^^^^^  specroscopy  of  ions;  or  on 

Ï^r  r  :^::t.ons  m  homogeneous  phase  a  br.f  -rnary  on  equH^  an«  c.^ul^.^  is  Mlowed 
by  an  illustration  of  the  application  of  this  calculat.ons  -^^^^^^^  ^^^^P^^  "  ^  ^etas'table  state 

c\h,  and  HCN  synthes.s  in  a  HF  plasma  torch,  organic  compound  synthesis  witn  , 
produced  in  a  HF  low  pressure  plasma.  thermodynamic  and  transport  properties  of  the  plasma 

For  the  reactions  m  heterogeneous  phase,  first  we  recall  ^hf.™^^"^''         .  are  first  concerned 

sation  and  second  chemical  réactions. 


.      .   .■            1  I  Hi^TopirA,   -  The  first  plasma cheitiistryincreasedconsiderably. The progress 

1 ,  Introduction.   -1.1  Historical.       i  ne  nrs,  p       |,.„„.eHee  of  plasmas  allowed  a  better  under- 

laboralory  réaction  of  plasma  chemistry  was  the  "  l;""^^^^ 

synthesis  of  acétylène  in  1 797  by  Henry  and  Dal  on  ^-"^j^/^"                   il  ,,,oun.  not  only  ncutral 

SX      l!:.:::^JfT:^.^:^  s^..  ....o.. ...  .so. 

n  arÀr.'arc  by  Birkcland  and  Eyde  Hl  a.  the  end  ,f                  ^              „r                ,„d  simple 

of  the  nineteenth  cen.ury.  Unfor.unate  y  the  empirica  ^^^^^^^^^^^^nlr  labora.ory  conditions 


w  line  iiuin^-njuo  ji^^^^^^'    ^  1-  • 

reactions  were  developed  under  laboratory  conditions 

wuiK  uuut  i^vt.Tv,^    «iprtrir  dischartics,  a  large  number  of  results 

réactions  in  electric  discharges  was  soon  forgolten  ^ith  electric  ^^^^^^^  '^  ^  atmosphère  che- 
u„„.....„       ^lu.m^  ^^,'A<  Mlmost  comnletely  unknown      is  due  to  the  researcn  on  uic  ca  , 


reacuuiis  m  v^iwvt.iv,  -.c,^ — ,     ,       .  •   a,,^  tr,  thp  rpsenrch  on  the  eartn  aimospiieic  eut- 

because  the  plasma  was  almost  comple.ely  unknown  ^  due  «°  'l^;             ™                 pl,„,l,  of 

and  it  was  impossible  to  corrclatc  any  properties  of  -f  '*^   "^f          ^ ,,,,         ,i,e  some  examples 

'"o^„r:r dicadt  r  thctXr  of  s.udies  in  'w^h^he  simples,  molécules  a.  300  K. 
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a)  N*(^D)  (metastable)  +       ^  NO  +  O 
k  ~-  10^  "  cm-^  molécule^  '  s"  ' 
N«(*S)  (fond)  +  O2  ^  NO  +  O 

k  ~  10      cm-'  molécule"'  s"'  , 
h)  0*('D)  (metastable)  +  H2     OH  +  H 
A'  -  3  X  10"'°  cm-' molécule"' s"' 


0°(^P)  (fond)  + 
k  -  1.5  X  10" 


42  OH  +  H 
'  cm-'  molécule" 


So  the  metastable  states,  even  if  their  concentration 
is  low  must  be  taken  into  account  as  a  distinct 
Chemical  specie. 

In  the  seventies,  with  the  improvement  of  measure- 
ment  techniques,  important  progress  have  been  made 
in  the  understanding  of  the  phenomena  and  of  the 
dynamics  of  chemical  reactions  in  plasmas.  The 
measurements  show  that,  in  almost  ail  the  cases, 
the  plasmas  used  in  plasma  chemistry  are  out  of 
equilibrium.  Work  in  molecular  physics  allowed  an 
understanding  and  modélisation  of  non  equilibrium 
reactors  defining  the  rôle  of  the  kinetic,  electronic, 
vibrational  and  rotational  excitations  and  measuring 
the  disequilibrium  between  thèse  différents  forms 
of  excitation  [2  to  5]. 

In  this  paper,  after  a  short  description  of  the  plasmas 
used  in  plasma  chemistry  and  of  the  means  of  produc- 
tion, we  will  recall  the  essential  points  of  a  plasma 
chemical  reactor  and  the  measurement  techniques 
that  can  be  used,  either  in  homogeneous  or  in  hetero- 
geneous  reactions.  Then  we  will  describe,  through  a 
few  examples,  how  gaseous  and  heterogeneous  reac- 
tions can  be  modeled  mathematically  with  emphasis 
on  what  we  know  (or  we  believe  to  know)  and  what 
we  would  like  to  know  better. 

1 . 2  The  différent  types  of  plasma.  —  Many 
types  of  plasmas  with  différent  physical  properties, 
usually  produced  by  electrical  discharge,  have  been 
described.  Their  state  is  characterized  by  the  électron 
energy  {kTj  and  électron  density  {nj  figure  1  [6]. 
The  plasmas  used  in  plasma  chemistry  are  high  and 
low  pressure  arcs  and  glow  discharges.  In  gênerai, 
when  the  pressure  is  lowered  the  ratio  TJT^^,  the 
électron  température  to  the  heavy  particles  tempe- 
rature,  increases  from  about  one  at  one  atmosphère 
to  about  lœ  for  pressures  under  1  torr.  It  is  the  same 
when  one  considers  the  intensity  of  the  discharge 
current  ;  more  than  50  A  for  a  ratio  of  about  one 
(almost  equilibrium)  and  less  than  1  A  for  a  ratio 
lower  than  50.  With  high  TJTy,,  one  has  a  high 
électron  energy  and  a  gas  température  near  ambient. 
Thèse  plasmas  are  very  well  suited  for  the  chemistry 
of  materials  sensitive  to  température  effects  (organic 
compounds  for  example),  although  electric  power  is 
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Fig.  1 ,  —  Typical  plasma  characterized  by  their  électron  energy 
and  density  (after  [6]). 


usually  small  and  the  mass  treated  is  rather  low  (a 
few  mg/s).  On  the  contrary  the  plasmas  near  equili- 
brium have  a  rather  high  gas  température  (a  few 
thousand  K)  and  they  are  well  suited  for  reactions 
that  needs  high  enthalpy  transfer  (fusion,  spheroidisa- 
tion,  spraying,  vaporisation)  or  for  the  synthesis  of 
inorganic  materials  such  as  ceramics,  small  molécules 
(NO,  C2H2,  HCN,...).  The  electric  power  is  high 
(up  to  5  MW)  and  the  mass  treated  important  (a  few 
g/s  to  hundreds  g/s).  But  often  the  température  and 
density  gradients  are  high  along  the  radius  of  the 
plasma  and  it  is  difficult  to  get  the  same  treatment 
for  the  products  injected.  Moreover  in  most  cases 
one  injects  the  cold  reactants  into  the  plasma  jet 
after  the  électrodes  and  the  resulting  mixture  is  quite 
out  of  equilibrium  (7^-1  000-2  000  K  and 
-  5  000-10  000  K). 

The  plasmas  mainly  used  in  plasma  chemistry 
are,  in  a  stationnary  situation,  corona  discharge, 
glow  discharge,  high  frequency  (H F)  plasma  torches, 
microwave  (MW)  discharges  and  arcs  The  électrons 
are  the  principal  vector  of  energy.  Their  mean  energy 
M  is  such  that  the  energy  losses  by  elastic  or  inelastic 
collisions  with  the  heavy  particles,  drift  and  diffusion 
to  the  walls  or  électrodes,  balance  the  gain  of  energy 
due  to  the  electric  field.  For  positive  column  the  gain 
frequency  of  charged  particles  is  determined  by  the 
electric  field  Ejp  (V/cm/torr)  and  the  loss  frequency  by 
the  reduced  radius  R.p  [7].  With  high  fields 
{Elp  >  50-100)  the  motion  of  électron  is  beam  like, 
such  is  the  case  of  the  corona  discharge.  With  médium 
(1  <  E/p  <  100)  electric  field,  the  glow,  H  F  and  M  W 
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iischarges  at  low  pressure  and  low  current  are  govern- 
;d  by  the  same  energy  loss  of  électrons  (mainly 
nelastic  collisions)  as  in  corona  discharge.  On  the 
;ontrary  in  discharges  near  equilibrium  (high  pressure 
HF  and  MW  discharges  and  arcs)  with  a  low  electnc 
fleld  {Elp  <  5)  the  energy  loss  of  the  électrons  is  due 
also  to  elastic  collisions.  It  is  then  possible  to  define 
a  critical  value  E/p  above  which  practically  the  total 
energy  delivered  by  the  generatdr  is  fed  pnmarily 
into  excitation,  dissociation  and  ionisation. 

In  DC  and  AC  plasma  generators  the  électrons 
reach  the  anode  and  give  rise  to  losses  and  to  the 
création  of  secondary  species  (pollution  of  the  plasma). 
On  the  contrary  with  high  frequencies,  the  polanty 
of  the  field  is  reversed  in  such  a  short  time  compared 
to  the  transit  time  of  the  électrons  that  only  a  very 
low  percentage  of  them  can  reach  the  électrodes, 
in  that  case  (HF  and  MW  discharges)  the  électrodes 
can  be  disposed  outside  of  the  reactor  and  their 

is  no  pollution  or  catalysis  with  them. 
We  will  not  descnbe  the  glow  discharge  now  well 

know  [8]  usually  used  at  pressures  under  100  torr 

and  with  powers  less  than  1  kW. 
The  corona  discharges  usually  with  a  power  up  to 

1  kW,  a  voltage  up  to  30  kV  and  a  frequency  up  to 

500  kHz  is  now  used  on  industrial  scale  for  ozone 

synthesis  [9]  and  for  the  treatment  of  polyethylene 

films  [10]. 

The  microwave  discharge  allows  excellent  concen- 
:  tration  of  the  electnc  field  inside  the  cavity  and,  due  to 
the  low  value  of  the  wave  length,  the  diameter  of  the 
plasma  may  be  reduced  to  less  than  one  centimeter. 
The  electric  field  with  a  frequency  oj  pénétrâtes  the 
plasma  for  an  électron  density  less  than  that 
corresponding  to  plasma  résonance  [U]. 

Therefore  the  frequencies  usually  used  are  in  the 
range  200-3  000  MHz,  that  plasma  being  produced 
with  a  résonant  cavity  [12].  Three  years  ago,  a  new 
method  of  microwave  plasma  génération  was  disco- 
vered  and  the  production  of  long  plasma  columns  was 
achieved  by  propagation  of  a  surface  wave  [13]. 
For  example  working  at  915  MHz  with  argon  at 
atmospheric  pressure  it  is  possible  to  achieve  column 
length  of  50  cm  with  power  of  700  W.  The  column 
diameter  is  about  1  mm  and  there  is  no  LTE  (électron 
density  of  3  x  10' ^/cm^  and  excitation  température 
about  3  000  K). 

The  HF  torches  (between  1  and  20  MHz)  are  the 
most  widly  used  with  pressures  between  1  torr  and 
5  atmosphère.  With  a  life  time  of  2  300  hrs  an  H  F 
plasma  device  can  work  with  a  power  up  to  1  MW, 
with  about  40-60  %  of  the  energy  transfered  to  the 
plasma  [14].  They  can  be  used  with  agressive  gases 
such  as  oxygen  [14],  chlorine  [15]  or  UF,  [16].  The 
most  often  used  technique  of  coupling  is  by  induction. 
The  minimum  power  necessary  for  self  a  sustained 
inductive  discharge  is  determined  by  the  gas  nature, 
its  pressure  and  the  frequency  of  the  electromagnetic 
field  ;  the  cost  of  the  source  is  reduced  as  the  frequency 


is  reduced  from  the  MHz  range  to  the  hundreds  of 
kHz  range,  unfortunately  the  minimum  power 
increases  from  less  than  10  kW  to  hundreds  of  kW 
unless  the  electrical  conductivity  is  increased  by  the 
addition  of  an  impurity  (K,  Cs,  ...)  which  is  very 
poUuting  in  plasma  chemistry.  Capacitive  coupling 
leads  to  the  formation  of  a  phase  shift  between  the 
électrodes  and  discharge  current,  thus  reducmg  the 
efficiency  of  the  discharge,  but  the  minimum  power 
for  a  self  sustained  discharge  is  lower  than  with 
induction  coupling  (for  example  [14]  in  the  range 
10-20  MHz,  this  minimum  power  is  0.2  kW  for  air 
and  1.0  kW  for  hydrogen  opération). 

DC  or  AC  arcs  are  used  mostly  at  atmospheric 
pressure  when  a  high  energy  transfer  is  necessary 
(for  example  with  solid  reactants).  The  energy  density 
is  much  higher  than  in  HF  torches  at  atmospheric 
pressure  but  the  mean  speed  of  the  gas  is  very  high 
(hundreds  of  m/s)  so  the  résidence  time  of  the  reactants 
is  short.  The  first  design  of  the  torch  was  given  in  1957 
by  Gage  [17]  :  the  arc  is  struck  between  a  cathode  rod 
and  a  nozzle  anode.  The  forced  gas  flow  extends  the 
arc  in  the  nozzle  anode  which  is  strongly  cooled. 
Varions  torch  configurations  are  possible  depending 
upon  stabilisation  mode  :  tangential  gas  input  in  the 
arc  channel  (Fig.  2a),  axial  gas  input  along  the  cathode 
(Fig  2b),  segmented  anode  arc  (Fig.  2c),  magnetic 
rotation  of  the  arc  root,  self  induced  by  the  arc  current 
(more  than  8  000  A)  or  externally  generated  (Figs.  2d 
and  2e)  The  nozzle  are  generally  made  of  copper, 
molybdenum  or  carbon  and  their  life  time  is  about 
400  hrs  (érosion  between  lO'^-lO^  ^  g/C).  The  cathode 


y  .  .  ;  .  Jt^T  V,  pascous  longitudinal  Hojn^ 
■ylindric  channel  ^ 


Fig.  2.  -  Principles  of  DC  plasma  torch  slabilization. 
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is  usually  of  tungsten  with  thorium  or  carbon,  the 
érosion  of  a  W  cathode  is  about  10"'*- 10"'°  g/C 
with  a  life  time  of  150  hrs  approximately.  Some 
metals  like  zirconium  or  hafnium  may  be  used  in 
présence  of  oxygen  but  their  life  time  is  less  than  20  hrs. 
The  thermal  efficiency  of  such  generators  is  up  to  80  % 
depending  on  the  gas  nature,  its  flow  rate  and  of  the 
arc  intensity  and  voltage.  Torches  up  to  5  MW  have 
been  tested  [18  to  34]. 

Some  torches  stabilized  with  liquids  have  been  also 
developped,  for  example,  the  Lonza  Corp  [35]  250  kW 
torch  stabilized  by  alcohol  flow  with  a  consumable 
carbon  cathode. 

When  using  AC  current,  in  most  cases  the  électrodes 
are  made  of  copper,  the  arc  striking  between  two  tubes 
(Fig.  3)  as  in  the  design  proposed  by  Fey  [36]  with 
power  up  to  1  MW.  The  arc  rotâtes  under  the  influence 
of  a  magnetic  fîeld  and  a  tangential  gas  inlet.  In  order 
to  avoid  arc  extinction  a  high  frequency  voltage  is 
superimposed  on  the  arc  current  [37,  38]. 


Fig.  3.  —  A  3,5  MW  single-phase  alternating-current  plasma  torch 
(after  Fey  [36]). 


1 . 3  The  plasma  chemistry  reactor.  —  Gene- 
rally  [6]  the  expérimental  considérations  in  plasma 
chemistry  may  be  divided  into  three  parts  (Fig.  4) 
corresponding  as  first  approximation  to  the  three 
stages  of  the  reaction 

—  plasma  génération, 

—  mixing  of  the  reactants  and  reactions, 

—  quenching  and  récupération  of  the  formed 
products. 

Unfortunately,  plasma  génération  is  not  indépen- 
dant of  the  choice  of  the  source  and  is  of  considérable 
importance  for  the  others  stages  and  the  reactor  must 
be  conceived  around  the  plasma  source. 

1.3.1  Mixing  of  the  reactants  with  the  plasma.  — 
As  we  can  see  is  figure  4  the  mixing  can  be  done  before 
or  after  the  plasma  génération.  It  is  much  more 
complicated  to  realize  the  mixing  at  high  heavy  par- 
ticles  température  (because  of  the  high  viscosity  of 
the  plasma)  but  in  ail  cases  mixing  inside  the  plasma, 
or  just  after  the  plasma  génération,  is  a  difficult 
technological  problem  and  many  studies  have  been 
carried  out  to  détermine  the  optimal  injection  mode 
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Fig.  4,  —  A  plasma  chemistry  reaction. 


[39  à  41].  Original  Systems  have  also  been  proposed 
such  as  hollow  or  porous  cathodes  [42],  consumables 
cathodes  and  volatiles  anodes  [43,  44].  Liquid  injec- 
tion may  be  realised  with  an  ultrasonic  atomizer  [45] 
and  solid  particle  injection  is  always  a  difficult  pro- 
blem. 

1.3.1.1  Mixing  before  the  generator.  —  In  this 
case  ail  the  problems  of  mixing  a  cold  gas  with  a 
plasma  are  solved  but  one  has  to  be  sure,  as  soon  as 
the  plasma  is  in  contact  with  électrodes,  that  there 
is  no  reaction  with  them.  For  example  a  lot  of  précau- 
tions must  be  taken  to  use  oxygen  or  chlorine  in  arcs, 
or  to  inject  solid  particles  in  the  arcs  using  the  Maecker 
effect  [46]. 

Even  if  ail  the  technical  problems  have  been  solved 
to  inject  the  reactants  before  the  plasma  génération 
one  has  to  think  about  the  excitation  of  the  reactants 
in  the  plasma  because  in  this  case  there  might  be  no 
sélective  excitation.  For  example  if  one  injects  oxygen 
and  nitrogen  into  a  HF  plasma  before  the  plasma 
génération  the  NO  synthesis  might  be  decreased 
because,  in  certain  conditions  the  main  processes  are  : 

N  +  O2  =  NO  +  O 
O  +  N2  =  NO  -h  N 

and  it  is  préférable  to  dissociate  only  Nj  to  get  N  and 
then  to  inject  cold  O2  after  plasma  génération. 

A  good  example  of  sélective  plasma  chemistry 
is  the  use  of  metastable  levels  to  transfer  their  energy 
to  the  required  excited  states,  for  example  excitation 
of  N2  by  A^  and  then  reaction  with  oxygen. 

1.3.1.2  Mixing  after  plasma  génération.  —  In  this 
case  there  are  no  problems  with  électrodes  but  the 
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injection  of  a  cold  reactant  in  an  extinguishing  plasma 
is  often  difficult,  specially  if  it  is  a  hot  heavy  particles 
plasma  (near  ETL)  and  this  injection  modifies  strongly 
the  plasma  excitations  and  températures.  One  has  to 
study  the  beat  and  mass  transfer  and  the  excitation 
transfer  that  often  becomes  the  main  reaction  process. 

1.3.2  Quenching.  —  Quenching  in  plasma  che- 
mistry  plays  two  important  rôles  ; 

•  To  withdraw  excess  energy  from  the  excited  new 
species  which  are  formed. 

•  To  prevent  the  inverse  reactions  that  destroy 
the  new  products. 

This  is  obtained  by  : 

-  excess  energy  removal,  that  is  to  say  the  réduc- 
tion of  the  kinetic  température  that  governs  the 
création-destruction  equilibriums, 

—  the  more  or  less  spécifie  destruction  ot  the 
electronic  and  vibrational  excited  species  (walls, 
collisions,  recombinaisons)  that  can  induce  new 
reactions,  some  time  undesirable.  As  well  in  hot  as  in 
cold  plasma,  in  most  cases  of  plasma  chemistry, 
quenching  is  the  most  important  phenomena  deter- 
mining  whether  a  new  product  is  obtamed  or  not. 

When  the  reaction  takes  place  in  a  hot  heavy  par- 
ticles plasma,  the  speed  of  quenching  in  its  classical 
meaning  is  of  first  importance  and  the  quenchmg 
techniques  are  characterized  by  the  quenchmg  speed 
usually  between  10^  and  10«  K/s.  The  techniques  used 
are  :  the  fast  expansion  of  the  jet  in  a  Laval  nozzle  [47 
(i,  =  10'  K/s),  contact  with  cold  walls  [48  to  iij 
{v  =  10''  to  10^  K/s),  liquid  pulvérisation  [51  to  53], 
cold  gas  injection  [54]. 

Of  course  the  exact  rôle  of  the  quenching  must  be 
defined  through  the  kinetics  of  the  reactions  if  known 
but  it  is  also  important  to  emphasize  that  the  moment 
of  the  quenching  and  the  law  of  quenchmg 
idTIXT  =  f{T))  is  of  primary  importance  for  the 
results  obtained.  For  example  Polak  [55]  has  shown 
that  a  delay  2  x  10'^  s  gives  a  réduction  of  the 
acétylène  conversion  from  15.5  %  to  10  %  and  that  a 
decrease  of  the  quenching  speed  from  10  to  10  K/s 
gives  a  réduction  of  the  nitrogen  conversion  to  NO 
from  9.6  to  6.4  %. 


1  3  3  Catalysis.  —  Very  few  works  have  been 
devoted  to  catalysis  in  plasma.  Some  work  has  been 
done  in  homogeneous  catalysis  such  as  O^  dissociation 
with  and  NO  [52],  N^  dissociation  with  O^  and 
SFé  [57]  or  with  HCl  [58]  or  with  other  gases  [59]. 
Heterogeneous  catalysis  has  been  studied  for  the 
production  of  Cj^i  and  aniline  in  a  plasma  of 
NHj-CéH^  with  Ni  [60],  propane  craking  in  an  argon 
plasma  with  Fe,  NH,  décomposition  or  NO  synthesis 
with  Fe,  Ag,  Ca,  Pt,  Pd,  Ni  [61  to  67].  Unfortunately 
due  to  'the  'complexity  of  the  phenomena  no  real 
mechanism  has  been  proposed.  However  in  ail  cases 
the  Chemical  rate  of  the  reaction  has  been  increased. 
For  example  Rapakoulias  [68]  has  shown  that,  in  a 


nitrogen  HF  plasma  where  CH4  is  injected,  catalysis 
with  iron  increases  the  conversion  of  C  to  HCN 
from  38  %  to  60  %  with  a  N/C  ratio  of  30  and  Cavadias 
[69]  has  shown  that  with  WO^  the  conversion  of 
Nitrogen  to  NO  increases  from  9  to  18/,,  in  a 
N2-O2  HF  plasma,  with  an  induced  energy  ol  80  kcal/ 
NI  The  problem  is  to  understand  what  exactly 
happens,  this  results  being  obtained  in  one  type  of 
experiment  and  may  be  due  to  an  improvement  ot  the 
reactor  performance  in  présence  of  metallic  or  oxides 
vapours. 

1  4  Measurements  in  plasma  chemistry.  —  It 
is  of  prime  importance  to  know  the  gas  températures 
and  gas  velocities,  the  population  of  the  excited  states, 
the  électron  density  and  the  températures  and  velo- 
cities of  the  condensed  materials  injected.  Unfortu- 
nately thèse  measurements,  with  the  complex  molé- 
cules encountered  in  plasma  chemistry,  are  rather 
difficult  from  the  expérimental  and  theoncal  pomt  ot 
View  but  the  results,  however  approximate,  are 
important  to  understand  what  happens  during  plasma 
treatment. 

1.4.1  Plasma  diagnostic.  —  1.4.1.1  Spectrosco- 
pic  diagnostic  of  températures  and  population  of 
excited  levels.  -  l'he  degree  ot  thermoaynamic 
equilibrium  has  been  extensively  studied  from  a 
theoretical  point  of  view  by  Griem  [70]  and  Drawin 
[71],  it  has  also  been  studied  expenmentally  and 
compared  with  theory,  for  hydrogen,  hélium,  and 
argon  [72,  73]  and  recently  for  nitrogen  [2].  The 
equilibrium  conditions  are  generally  stated  from 
characteristic  time  and  length  for  the  process  under 
considération,  compared  to  characteristic  time  and 
length  of  a  plasma  parameter.  The  foUowing  processes 
have  to  be  studied  : 

—  collision  times  between  différent  particles 
[74,  75], 

—  Maxwellisation  times  [76], 

—  energy  relaxations  [77  to  81], 

—  kinetics  of  reactions  [82], 

—  Boltzmann  distribution  relaxation  [71], 

—  diff'usion  lengths[71,  82], 

—  equilibrium  population  of  energy  levels  [71]. 
The  characteristic  parameters  generally  considered 

are  the  température  and  électron  density  which  is  of 
first  importance  under  equilibrium  conditions  [83]. 
For  example,  with  a  DC  plasma  generator,  two 
difi-erent  zones  have  been  pointed  out  in  a  nitrogen 
plasma  jet  at  atmospheric  pressure  [82].  ^ 

The  first  zone  is  such  that  10'  ^  <  «,  <  10  cm 
and  9  000  K  <  r<  15  000  K,  and  the  différent 
criteria  show  that  CLTE  is  realized.  The  second  zone 
has  a  low  electronic  density  10'^  <  <  10  cm  , 
and  a  quite  low  température  3  000  K  <  T  <  7  000  K 
and  equilibrium  is  not  realized,  this  is  in  part  due  to 
diffusion.  Nevertheless  in  the  two  cases,  the  relaxation 
times  of  rotation-rotation,  and  rotation-translation 
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exchanges  are  sufficiently  low  to  consider  the  rota- 
tional  and  the  translational  températures  to  be  equal. 

For  the  spectroscopic  diagnostic,  one  must  note 
that  : 

—  the  Hnes  must  have  a  high  intensity  compared 
to  the  continuum, 

—  the  hnes  must  be  well  separated, 

—  at  atmospheric  pressure,  an  AbeFs  inversion  [84] 
is  generaUy  needed. 

The  main  diagnostics  used  are  the  following  : 

—  The  continuum  émission  due  to  free-free  and 
free-bound  radiation  is  well  suited  for  températures 
between  8  000  K  and  14  000  K.  The  continuum 
intensity  is  proportional  to  Nq^/^/T,  it  has  been 
studied  for  nitrogen  [85],  argon  [86],  hélium  [86], 
hydrogen  [87]  and  air  [88]. 

—  The  ratio  of  two  line  intensities  or  the  Boltzmann 
plot  [84]  gives  an  excitation  température  [2].  Figure  5 
shows  for  example  [2]  a  température  chart  of  a  nitro- 
gen plasma  jet.  Thèse  measurements  have  been 
performed  spectroscopically  with  an  automatic  data 
acquisition  system  connected  to  a  computer,  which 
reduced  the  measurements  time  of  the  excitation 
température  to  a  few  hours  including  Abel's  inversion. 


Fig.  5.  —  Température  contours  in  a  DC  nitrogen  plasma  jet  [2]. 


—  When  purely  Stark,  the  atomic  line  profiles  are 
well  suited  for  the  measurement  of  électron  density 
(usually  one  uses  Stark  width  of  hydrogen  or  hélium 
lines  with  either  gases  introduced  in  low  quantity 
(less  than  0.5  %)  in  the  plasma  gas)  [70]. 

—  When  purely  Doppler,  the  atomic  line  profile 
gives  the  neutral  kinetic  température. 

—  When  the  line  profile  is  due  to  both  contribu- 
tions, Stark  and  Doppler,  the  respective  broadening 
must  be  separated,  and  one  needs  a  high  resolution 
apparatus.  The  most  often  studied  profiles  are  those 
of  argon  [89],  hélium  [90]  and  nitrogen  [2]. 

—  When  the  excitation  température  is  known, 
absolute  intensity  of  lines  can  be  used  to  measure  the 
upper  level  population  of  the  transition  considered. 

—  When  the  lines  are  sufficiently  separated  mole- 
cular  band  spectra  are  used  to  measure  the  rotational 
température  (equal  to  the  translational  one).  But  even 
when  the  lines  are  not  separated,  comparison  between 
the  expérimental  profile  and  a  set  of  calculated  profiles 
versus  température  give  rather  good  information 


especially  below  6  000  K  [84,  2,  91].  This  method  is 
rather  usefull  for  the  measurement  with  complex 
spectra  due  to  the  émission  of  différent  molecular 
bands  that  overlap  as  for  example  in  mixtures  of 
N2-O2  or  SiCl4-N2  or  H2  as  used  in  plasma  chemistry. 
For  example  [91],  figure  6  shows  the  calculated  NO 
(y  band  0-2  and  1-3)  at  5  000  K  and  the  expérimental 
corresponding  spectra. 


Fig.  6.  —  NO()'  0-2  and  y  0-3)  bands  with  a  mean  resolution 
(after  [91]). 


1.4.1.2  Laser  fluorescence  spectroscopy.  —  The 
development  of  tunable  lasers  with  the  possibility  of 
doubhng  the  frequency  provides  new  possibihties 
to  détermine  particle  densities  for  a  given  atomic 
or  molecular  specie  (in  ground  or  excited  states)  or  to 
study  liquid  droplets  or  micrometric  powders. 

In  the  last  two  cases,  photon  elastic  scattering  is 
used  in  Mie  Scattering  (a  -  10"  cm^)  while  in  the 
first,  one  uses  Rayleigh  (a  -  10"^^  cm^  ~  A""^)  and 
résonant  scattering  (cr  -  10"^^  cm^,  10"^^  cm^ 
for  atoms  and  molécules  respectively).  Fluorescence 
study  is  also  used  {a  ~  10"'^  cm^)  and  Raman 
scattering  (10""  cm^  >  a  >  10"^*^  cm^).  Most  of 
the  measurements  performed  in  plasma  chemistry 
use  fluorescence.  The  main  problem  is  then  to  get 
sufficjently  high  laser  intensity  to  achieve  saturation 


PHYSICS  ON  l'LASMA  CHLMISTRY 


C7-295 


and  to  get  a  fluorescence  signal  independent  of  the 
laser  intensity  and  only  proportional  lo  the  density 
of  the  particle  in  the  lower  state.  For  example  a  cal- 
culation  made  in  the  laboratory  shows  that  for  a  laser 
puise  tuned  to  a  rotational  line  of  an  electronic 
transition  of  the  NO(y)  band  the  energy  density  must 
be  greater  than  2.5  J/m^  But  even  if  the  puise  energy 
density  is  not  sufficient  to  get  saturation  some  models 
have  been  proposed  to  calculate  the  non  saturation 
case  for  example,  with  atomic  Unes  [7].  In  ail  the  cases 
this  method  requires  a  fast  electronic,  due  to  the 
desexcitation  time  of  the  excited  states  (a  few  nano- 
second).  As  it  is  necessary  to  focus  the  laser  beam 
in  a  few  hundredth  of  microns  volume,  it  is  possible, 
when  observing  at  90°  of  the  laser  beam,  to  avoid  the 
Abel  inversion  to  measure  the  local  concentrations. 
This  method  is  now  one  of  the  most  promising  one 
to  get  information  on  the  chemical  reactions  between 
excited  states  and  physicist  began  to  study  the  kinetic 
constants  in  simple  gases  like  nitrogen  [92],  hélium 
[93,  94],  argon  [95]  and  hydrogen  [96,  97]. 

14  13  Plasma  gas  velocity  measurements.  — 
Under  the  assumption  ot  LTCt  a  ratner  simple 
method  consist  in  measuring  the  dynamic  pressure 
of  the  gas  with  a  probe.  But,  in  that  case,  the  probe 
disturbs  the  plasma  flow,  so  that  it  must  be  precisely 
profiled  [98,  99].  Figure  7  shows  the  velocity  distri- 
bution of  an  Ar-H2  DC  plasma  jet  [100]. 

—  Another  technique  consists  of  the  observation 
of  a  small  electrical  perturbation  superimposed  on  the 
discharge  [101,  102].  The  use  of  a  pulsed  laser  now 
off"ers  new  opportunities  for  this  type  of  measurement. 

—  A  third  technique  uses  very  small  particles 
injected  into  the  plasma.  The  particles  velocity, 
supposed  to  be  the  same  as  that  of  the  gas,  can  by 
measured  by  laser  anemometry  in  HF  or  DC  plasmas 
[103,  104,  105], 

—  Finally  for  very  high  velocities  (higher  than 
2  000  m/s)  it  is  possible  to  utilize  the  Doppler  shift 
ofthe  Unes  [106]. 


additional  apertures  are  led  to  the  mass-spectromeler, 
where  an  additional  grid  may  allow  an  energy  ana- 
lysis  With  such  a  device,  used  essentially  for  low 
pressure  plasma,  neutral  as  well  as  positive  or  négative 
ions  can  be  analyzed  by  measuring  current  densities 
and  energy.  The  main  problem  is  the  interprétation 
of  the  results  because  in  front  of  the  probe  a  sheath 
in  formed,  which  changes  the  properties  ofthe  particles 
coming  from  the  plasma  to  the  probe.  A  lot  of  studies 
have  been  devoted  to  this  problem  and,  for  example, 
one  can  find  a  detailed  analysis  in  [107]. 

1.4.2  Condensed  particles  injected  into  the  plasma. 
—  1.4.2.1  Velocity  of  condensed  particles.  —  There 
are  three  kinds  of  measurement  metnods  : 

—  Mechanical  methods,  the  flow  of  particles  is 
momentarily  stopped  with  a  barrier,  and  then  one 
observes  the  rate  ofthe  flow  of  particles  downstream. 
With  this  technique  a  mean  velocity  is  obtained  in  a 
plane  orthogonal  to  the  flow  direction.  With  two 
holes  in  two  dises  it  is  possible  to  obtain  more  refined 
measurements.  With  this  type  of  techmque  it  is 
possible  to  measure  velocities  between  50  and  200  m/s 
[108]. 

—  Optical  methods  have  been,  up  to  day,  the  most 
often  used.  An  image  of  the  jets  is  photographically 
recorded  either  with  a  rotating  miror  [100,  109], 
or  an  ultra  rapid  caméra  [l  10].  Velocities  up  to  750  m/s 
have  been  measured  by  this  technique. 

—  The  so-called  opto-electronic  methods  use 
optical  détection  of  the  particles  connected  to  an 
electronic  system  for  data  treatment.  This  if  for 
example  the  case  of  the  plasmacope  developped  by 
Gold  [111];  the  plasmacope  makes  an  analysis  in 
space  and  time  of  the  luminous  perturbation  of  par- 
ticles flowing  m  the  plasma.  A  more  sophisticated 
method  is  now  available  :  Laser  Doppler  anemometry 
[112  113]  Many  techniques  of  this  type  have  been 
developed  and  give  fairly  good  results.  The  velocity 
of  particles  can  be  measured  at  any  point  in  the 
plasma  [114  to  119].  For  example  figure  8  from  [104] 


Fig.  7.  —  Velocity  distribution  in  a  DC  plasma-jet  (after  [100]). 


14  14  Mass  spectroscopy  of  ions.  —   For  low  ' 
pressure  plasma,  by  a  small  extraction  aperture  or  wall    F,g.  8.  -  Radial  part.de  velocity  distribution  alor^g  jet  ax.s 
probe,  ions  are  extracted  from  plasma  and  by  two    (after  [104]). 
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shows  the  axial  and  radial  velocity  of  alumina  particles 
injected  in  a  nitrogen-hydrogen  plasma. 

1.4.2. 2  Température  of  condensed  particles.  — 
The  analysis  of  the  radiation  emitted  from  the  surface 
of  the  particles  gives  the  radiation  température. 
This  method  has  been  used  by  Bonet  ;  a  monochro- 
matic  photograph  of  the  moving  particles  is  recorded 
through  a  pyrometer  which  gives  the  référence  radia- 
tion [120]. 

—  Lesinski  [121]  has  developed  a  similar  method 
by  using  a  photomultiplier  in  place  of  caméra,  the 
référence  radiation  is  given  by  a  hole  travelling  very 
rapidly  in  front  of  a  référence  tungsten  ribbon  lamp. 
This  method  has  been  refined  by  Vardelle  [104],  who 
has  made  a  statistical  treatment  of  the  received 
signais.  The  main  difficulties  with  this  system  is  to 
know  exactly  the  particle  diameters,  and  their  emissi- 
vities.  Figure  9  shows  the  température  of  alumina 
particles  along  the  axis  of  a  nitrogen  hydrogen  plasma 
jet. 
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Fig.  9.  —  Particle  température  distribution  along  jet  axis 
(after  [104]). 


1.4.2.3  Population  and  diameter  of  the  particles. 
—  The  population  of  the  particles  in  a  plasma  may 
be  measured  very  simply  counting,  during  a  given 
time,  the  puises  resulting  of  the  light  scattered  by 
the  particles  passing  through  a  laser  beam  (Ar"^  laser). 
Using  a  laser  beam  of  100  [im  diameter  and  detecting 


Fig.  10.  —  Particles  (d  =  18.5  |im)  isoflow  curves  (after  [104]). 


the  scattered  light  at  W  with  a  diaphragm  of  100  |im 
a  ponctuai  measurement  can  be  achieved  and  for 
example  figure  10  shows  the  distribution  of  alumina 
particles  injected  in  a  nitrogen  DC  plasma  jet. 

—  The  diameter  of  the  particles  (very  important 
for  the  température  measurement)  may  be  measured 
also  through  the  scattered  laser  radiation.  For 
example,  Penner  [122]  gives  the  conditions  to  be  filled, 
and  the  theoretical  curves  needed,  to  define  log- 
normal  particle-size  distributions  from  measured  half 
widths  and  detectabilities  of  scattered  laser  power 
spectra. 

2.  Plasma  chemical  reaction  in  homogeneous  phase. 

—  In  this  case  the  plasma  may  be  considered  some 
times  as  in  equilibrium,  but  in  any  case  the  quenching 
of  the  products  is  always  out  of  equilibrium. 

2.1  Equilibrium  calculations.  —  Under  idéal 
conditions  of  thermodynamic  equilibrium  it  is  possible 
to  détermine  the  products  resulting  from  a  given 
treatment  but  the  problem  is  to  know  to  which  extent 
calculations  assuming  this  equilibrium  are  applicable 
to  real  Systems.  For  that  the  chemical  reaction  must 
proceed  more  rapidly  than  the  physical  phenomena 
such  as  relaxation  of  energy  levels  or  maxwellisation. 
For  example  with  a  very  simple  calculation  one  can 
say  that  on  the  axis  of  a  DC  plasma  jet  the  température 
varies  by  1  %  in  2.5  x  10"^  m,  so  that  at  250  m/s  a 
variation  of  température  of  1  %  corresponds  to  10^^  s, 
so  in  order  that  thermodynamic  equilibrium  can  be 
applied  the  reactions  times  must  be  less  thaji  10"^  s. 
The  ratio  of  this  chemical  reaction  time  to  the 
mechanical  résidence  time  is  the  Damkôhler 
parameter  [123]  D-  {D-  =  tjtj  and  the  equilibrium 
is  obtained  for  <^  l.  This  kind  of  reactions  times 
may  be  encountered  if  the  température  is  greater 
than  5  000  K  but  in  ail  the  cases  during  quenching 
equilibrium  is  not  possible. 

The  thermodynamic  calculation  consists  in  finding 
the  chemical  composition  which  gives  the  minimum 
Gibbs  free  energy  [124]  under  the  contraints  of  the 
law  of  conservation  of  matter  and  electrical  neutrality. 
One  gets  a  system  of  non  linear  équations  that  must 
be  solved  by  use  of  numerical  methods  by  com- 
puter [125,  126].  The  data  are  sometimes  limited  to 
6  000  K  and  it  is  necessary  to  carry  out  calculations 
of  partition  functions  from  spectroscopic  data  [127]. 

The  results  obtained  must  be  considered  very 
carefully  but  usually  they  give  some  qualitative 
indications  about  what  happens.  For  example  [91],  if 
one  consider  a  mixture  of  N2-O2  at  equilibrium  at 
atmospheric  pressure,  figure  11,  the  maximum  of  NO 
one  could  obtain  is  6.5  %  at  3  500  K,  but  as  we  will 
see,  it  is  possible  as  a  function  of  the  quenching 
techniques  to  get  less  or  more.  The  calculations  [128] 
of  the  System  SiOj-C  shows  (Fig.  12)  the  existence  of  a 
threshold  température  in  the  range  2  500-3  000  K. 
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On  onc  side  of  this  lemperaturc  the  only  spccics  are 
SiO„  SiO  and  SiC,  wh.lc  Ihc.  c  .s  aiways  a  low  concen- 
tration ofSiO  abovc  lhat  tcnipcralurc.  Unlorlunatcly 
thcrmodynamic  cannol  dcscnbc  what  happens  during 
the  cooling  phase  that  becomes  ihc  most  important 
to  get  pure  Si. 

2  2  KiNETicscALCULATiONS.  Thekineticsmodels 
tend  to  predict  the  influence  of  physical  conditions  on 
the  reaction  rates  specially  when  Z),  ^  1.  In  a  station- 
nary  médium,  the  variation  by  unit  time  of  the 
ith  specie  concentration  C,  is  given  [129]  by  . 

^  =  V.(Z)VC,)  +  /',  -5,  (1) 

where  D  is  the  diffusion  coefficient,  5,  the  source 
term  and  Pi  the  losses  term. 

2  2  1  Chemical  reactions  at  high  température.  — 
Disregarding  the  diffusion  process  because  its  contri- 
bution introduces  many  difficultés  in  the  solution  of 
(1)  and  because  often  the  data  are  not  wel 
known  [130,  131],  considering  a  mixture  of  I  chemical 
species  A,,  reacting  in  J  chemical  reaction  with  reactions 
rate  constants  kj  ; 

j  I 

I       A,-  ^  I  A,- 

and  assuming  the  thermodynamic  température  of  the 
System  is  assigned  to  follow  a  law,  r j=  m  a 
constant  pressure,  the  time  dépendance  of  the  chemical 
composition  of  the  System  is  calculated  by  solving  the 
foUowing  differential  system 


Fig.  12.  —  Produ( 
(after  [128]). 
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The  solution  is  generally  obtained  by  numencal 
intégration  methods,  which  must  be  highly  stable 
one,  as  the  problems  encountered  are  locally  expo- 
nential  giving  rise  to  the  phenomenon  called  stiffness 
Warner  [130]  gives  a  cntical  review  of  the  diHerent 
methods  that  can  be  used.  However  the  main  problem 
is  due  to  a  poor  knowledge  of  the  spécifie  reaction 
rates  k-  This  quantities  are  strongly  température 
dépendent  and  as  the  Arrhenius  law  is  not  sufficient 
in  plasmas  one  has  to  take  into  account  the  potential 
energy  of  each  reaction.  But  each  chemical  reaction 
usually  consists  of  a  set  of  elementary  steps  involvmg 
a  group  of  molécules  or  atoms  which  gives  the  final 
reaction  products  after  rearrangement.  During  an 
elementary  step,  the  évolution  of  the  system  may  be 
dcscnbcd  by  the  trajeclory  of  a  représentative  point 
moving  on  the  potential  surface.  In  the  gênerai  case 
the  System  moving  on  the  surlace  must  jump  over  a 
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potential  barder  the  height  of  which  is  equal  to  the 
activation  energy  £'^.  The  System  configuration  in  the 
neighbourhood  of  the  top  of  this  barrier  being  called 
the  activated  complex.  Unfortunately  solving  the 
quantum  mechanical  équations  to  get  the  potential 
surface  configuration  is  very  difficult  [131  to  133]. 
In  this  case  it  is  possible  to  write 

k{T)  =  /'.Zo.expl-  EJkT) 

where  Zq  is  calculated  through  the  coUisional  cross 
section  (typical  values  are  10"'^  cm-'  part"'  s^'  for 
two  bodies  collisions  and  10"^^  cm^  part"'  s"'  for 
three  bodies  collisions),  and  P  a  steru  factor  involving 
the  entropy  variation  occuring  in  the  reaction  [131 
to  133]  and  calculated  with  the  activated  complex 
theory. 

Finally  the  most  difficult  problem  to  solve  is  not  to 
calculate  a  numerical  coefficient  for  a  given  tempe- 
rature,  but  to  know  what  modifications  of  the  model 
must  be  done  for  a  very  rapid  and  important  variation 
of  the  species  température. 

2.2.2  Chemical  reactions  in  low  température  plasma. 
—  In  this  case  (low  pressure  plasma)  one  neglects 
the  température  variation  and  the  processes  taken 
into  account  [134,  135]  are  the  collisions  process 
(mainly  through  the  électrons  and  the  metastables 
States)  for  ionisation,  recombination,  excitation  and 
desexcitation  and  spontaneous  radiative  transitions 
and  radiative  recombination.  The  System  of  eq.  (1) 
must  then  be  solved  with  some  additional  condition 
about  the  évolution  of  the  électron  population 
(generally  imposed  by  the  expérimental  conditions). 
As  in  the  preceeding  case  the  problem  is  the  déter- 
mination of  kj.  One  also  has  to  take  care  when  neglect- 
ing  the  terms  corresponding  to  small  values  of  k 
(see  the  characteristics  values  of  Zq  in  the  preceeding 
section)  that  in  the  équation  it  is  the  product  of  the 
population  by  k  that  is  involved. 

2.3  Example  :  NO  synthesis  in  a  DC  plasma  jet. 
—  As  shown  by  the  numerous  papers  presented  at 
the  last  Symposium  on  plasma  chemistry  the  NO 
synthesis  in  plasma  is  a  research  field  actuality. 
In  Limoges  we  have  studied  this  synthesis  with  a  DC 
plasma  jet  (up  to  30  kW)  [91].  The  plasma  gas- 
mixture  of  Nj  and  O2  is  introduced  along  the  cathode 
and  cold  oxygen  is  injected  downstream  the  arc  into 
the  nozzle  and  thus  contributes  to  the  quenching 
which  is  completely  achieved  by  removing  the  gaseous 
products  through  a  water  cooled  probe.  This  device 
Works  with  powers  between  5  and  27  kW  correspond- 
ing to  spécifie  enthalpy  between  1.4  and  7.7  kWh/kg 
and  the  gas  flow  velocity  at  the  nozzle  exit  measured 
without  oxygen  injection  is  between  500  and  1  000  m/s. 

The  expérimental  results  [136,  137]  have  pointed 
out  at  atmospheric  pressure  that  : 

—  energetic  consumption  is  minimal  with  an  N2 
initial  molar  fraction  of  50  %, 


—  nozzle  must  be  long  enough  to  prevent  the  arc 
root  ta  stay  downstream  the  cold  oxygen  injection, 

—  cold  wall  quenching  device  allows  to  increase 
NO  molar  fraction  and  to  reduce  energetic  consump- 
tion, 

—  the  best  results  are  obtained  with  a  plasma  of 
pure  nitrogen  with  25  kWh/kg  of  NO  and  a  nitrogen 
conversion  to  NO  of  9  %. 

To  explain  such  results  (the  equilibrium  conditions 
gives  a  maximum  of  6.5  %  at  3  500  K)  one  has 
considered  the  following  reactions  for  T  <  5  000  K 


02 

+  M 

=  0     -f  0  +  M 

(1) 

N2 

+  M 

=  N     +  N  +  M 

(2) 

NO 

+  M 

=  N     +  0  +  M 

(3) 

0^ 

+  N2 

=  NO  +  NO 

(4) 

0 

+  N2 

=  NO  +  N 

(5) 

N 

+  O2 

=  NO  +  0 

(6) 

with  the  kinetics  constants  gathered  by  Pru- 
d'hommes [138]  and  thèse  recommended  by 
Baulch  [139].  The  température  évolution  of  the  gas  in 
the  plasma  has  been  determined  by  assuming  a  mean 
enthalpy  température  (homogeneous  température  in 
the  nozzle)  varying  with  a  parabolic  law  for  heating 
and  quenching  as  represented  on  figure  13.  At  the 
beginning  [137],  as  one  can  see  on  figure  14,  the  reac- 
tion (4)  is  responsible  of  the  NO  production  and  the 
NO  production  rate  is  maximum  between  8  and  12  s. 
This  simplified  model  gives  a  rather  good  agreement 
with  the  expérimental  results  and  it  has  emphasized 
the  importance  of  the  heating  rate,  which  as  far  as  we 


Fig.  13.  —  Evolution  of  the  température  as  a  function  of  time 
(after  [136]). 
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Fig.  14.  -  Evolution  of  the  NO  rate  production  as  a  function 
of  time  (after  [136]). 

know,  have  never  been  mentioned  before,  and  also 
the  nècessity  to  have  a  high  quenching  rate  (10«  K/s 
at  the  beginning). 

2  4  Example  :  HCN  and  C2H2  synthesis  in  a  HF 
Low  PRESSURE  PLASMA.  -  The  nitrogen  plasma  is 
created  by  HF  inductive  coupUng  inside  a  glass  tube 
of  100  mm  diameter  [68]  with  a  gas  flow  rate  between 
0.5  and  2.5  Nl/mn.  The  pressure  is  varied  between 
5  and  40  torrs  with  a  power  of  about  2.5  kW.  Cold 
méthane  is  injected  counter-current  in  the  extmction 
plasma.  In  such  a  plasma  the  main  mechanism  is  the 
excitation  of  the  heavy  particles  by  collisions  with  the 
électrons  and  the  nitrogen  plasma,  studied  by  émission 
spectroscopy  (P  of  P  and  2^  of  N,),  is  such 
that  ~  25  000  K  ^  n  (~  5  500  K)  >  T,  ^  T. 
(~  1700  K).  When  the  pressure  is  increased  the 
rotational  température  T,  increases  and  the  electronic 
T,  and  vibrational      températures  decreases. 

'with  N2  and  CH4  two  exchange  reactions  are 
possible  : 

Fixation  reaction 

N2  +  2CH4  -  HCN  +  2H2  . 


Fig.  15.  —  Evolution  of  the  formation  rate  of  C2H2  and  HCN 
versus  induced  energy  (after  [68]). 


reaction  with  A  'I  (metastable  state).  We  have  to 
mention  that  this  hypothesis  neglectmg  the  atoms 
and  specially  the  N^D  metastable  state  might  be  over 
simplified  specially  when  one  reminds  that  the 
dissociation  of  the  C  ^H,  state  gives  N^D  and  N  S. 
For  a  given  N/C  ratio  the  expérimental  results  show 
an  increase  of  HCN  conversion  and  an  mcrease 
followed  by  a  decrease  of  C^H^  with  the  increase  of 
the  spécifie  energy  and  an  increase  of  the  nitrogen 
flow  rate.  C2H2  conversion  decreases  and  HCN 
increases  with  the  increase  of  the  pressure.  To  explain 
this  results  a  simplified  kinetic  model  (with  no  tempe- 
rature  évolution)  has  been  proposed  [68]  postulating 
that  the  fixation  rate  is  much  greater  than  the  transfer 
reaction  rate  and  that  the  density  of  A  I  states  is 
greater  than  the  density  of  C  ^77  states.  Figure  15 
shows  a  comparison  of  the  évolution  with  the  spécifie 
energy  of  the  measured  and  calculated  formation 
rates  of  C2H2  and  HCN.  When  the  influence  of  the 
pressure  is  considered  the  results  are  in  good  agreement 
with  Polanyi's  théories  [140].  The  energy  diagram  of 


Transfer  reaction 
N2  +  2CH4- 


C,H2  +  3  H2  +  N2 


Due  to  the  energy  requirements  (neglecting  the  atoms 
because  the  émissions  Unes  are  very  weak),  the 
fixation  reaction  is  postulated  [68]  to  be  more  probable 
with  the  C'n  and  B       states  and  the  transfer    (after  [68]). 


femps 

Fig.  16.  —  Calalysis    mechanism    of    the    reaction  N^-C^Hj 
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the  reaction  is  représentée!  on  figure  16,  where  Nf* 
corresponds  to  N^(C  ^/7J  and  Nf  to  N^CA  ^IJ. 
The  fixation  reaction  with,  as  a  first  step,  dissociation 
of  N2(C  ^nj  is  favorized  by  a  high  vibration  energy 
(low  pressure)  but  the  most  important  step  is  the 
quenching  of  the  highly  excited  formed  HCN, 
favorized  by  a  high  rotation  température  (high 
pressure)  as  indicated  by  the  expérimental  results. 
The  introduction  of  a  molybdenum  grating  in  the 
mixing  area  of  the  cold  méthane  and  nitrogen  plasma 
was  noted  [68]  to  produce  an  increase  in  HCN  conver- 
sion. This  seems  to  be  due  to  a  catalytic  eflfect  of  the 
grating  which  leads  to  a  decrease  of  the  excitation 
transfer  (C2H2)  and  an  increase  of  the  fixation 
reaction  (HCN).  Neglecting  a  possible  quenching 
eflFect  on  the  surface  of  the  hot  métal  (because  a 
simple  calculation  leads  to  a  quenching  rate  smaller 
than  10^  K/s),  the  expérimental  results  are  inter- 
preted  [68]  as  a  catalytic  efiTect  at  the  surface  of  the 
métal  :  the  efîect  increases  with  the  number  of  wires 
and  the  position  of  the  grating  is  very  important, 
the  maximum  of  conversion  being  obtained  right  in 
the  mixing  zone.  If  the  wires  are  vapourized  the 
quantity  of  fixed  nitrogen  decreases.  Figure  16  indi- 
cates  the  mechanism  proposed  by  Rapakoulias  [68]  : 
a  chimisorption  by  the  métal  of  an  excited  A  ^Z^^  Nj 
molécules  breaking  the  N-N  bounding,  the  nitrogen 
atoms  reacting  with  CH4  or  its  fragments  to  give  an 
unstable  molécule  (N...  C...  HJ*.  By  desorption  of 
the  surface,  a  stabilized  HCN  molécule  is  formed. 


The  O2  is  mostly  produced  with  a  HF  or  MW 
discharge  in  pure  oxygen  [142  to  145]  avoiding  the 
destruction  of  the  metastable  (M)  with  impurities 
and  a  pollution  with  the  électrodes.  For  example 
figure  17  shows  the  expérimental  set  up  of  Dumas  [145], 
the  power  of  the  HF  source  varying  from  0  to  250  W 
and  the  frequency  between  55  and  70  MHz.  With 
such  discharges  the  states  obtained  are  [146]  : 

02('Z)  :  70to80%  ,    02(M)  :  5  to20%  , 
O2CI)  :  lO-'X,    0(3P)  :  10to20%, 
O3  :  1  to  2  %  . 

The  O  and  O3  species  are  very  undersirable  because 
they  desactivate  very  quickly  the  O2CA).  Also  their 
reactivity  with  most  organic  species  is  much  more 
important  than  the  reactivity  of  02('zl),  so  they 
must  be  eliminated  to  study  the  reactions  with  the 
singulet  oxygen.  That  is  why  in  its  expérimental  set 
up  Dumas  has  disposed,  just  before  the  induction 


With  this  effect,  it  is  possible  to  increase  the  HCN  • 
formation  by  as  much  as  50  %. 

2.5  Example  :  Organic  reactions  with  meta- 
STABLES  OXYGEN  MOLECULES.  —  The  excitcd  meta-  ' 
stable  States  of  atoms  or  molécules  ionized  or  not, 
play  a  very  important  rôle  in  chemical  reactions 
under  plasma  conditions.  Thèse  states  may  act 
along  différent  ways.  Their  high  internai  energy  may  be  ' 
relaxed  by  collisions  and  help  to  pass  the  activation 
barrier  of  the  reaction.  In  other  cases  it  is  the  electronic  ; 
configuration  of  the  metastable  state  that  gives  to 
the  reaction  a  stereochemistry  which  is  différent 
from  that  of  the  fundamental  state.  The  exact  rôle 
of  the  metastable  states  is,  however,  not  yet  well 
known  due  to  the  difficulty  of  producing  them  in  a  | 
spécifie  manner  and  to  study  their  population  (no  \ 
radiative  deexcitation).  ; 

One  of  the  most  extensively  studied  metastable  i 
state  is  the  O2  because  of  its  interesting  properties 
for  organic  reactions.  The  excited  states  and  \ 
have  almost  the  same  bounding  length  and  identical  ' 
potential  curves  as  the  fundamental  state  ^Z.  The  \ 
radiative  deexcitation  of  a  ^zJ  to  X  is  not  possible  p 
due  to  the  sélection  rules  but  is  possible  with  the  spin  i  I 
orbit  coupling  and  the  life  time  of  'zJ  is  3  900  s  [141].  it 
It  is  the  same  with  which  life  time  is  12  s.  However,  !  I 
as  the  collisions  dipole  transitions  between  thèse  !  t 
states  become  more  probable,  the  following  reactions  \  1 
can  take  place  :  y 


(1) 
(2) 
(3) 


coupling,  a  small  tank  of  mercury  to  be  vaporized 
(R  Fig.  1  là).  In  the  discharge  one  has  the  reactions  : 

Hg(^P)  +  02(^r)  ^  Hg(iS)  +  O2CA  or  'I)  (4) 
Hg  +  O  ^  HgO  (5) 
HgO  +  O  ^  Hg  +  O2  .  (6) 

The  last  two  reactions  ((5)  and  (6))  are  fast  enough 
to  withdraw  almost  ail  the  oxygen  and  to  avoid  the 
formation  of 

03(02  +  0  +  02^  03  +  02:A:  =  6x  lO'^*)  . 

The  excess  of  mercury  is  then  collected  in  a  cold  trap. 

The  O2CA)  is  analyzed  through  the  émission  of  the 
6  340Â  band  due  to  the  collision  reaction  (1)  and 
through  the  calorimetric  effect  of  the  partial  desexci- 
tation of  OjC-d)  on  a  heated  wire  (Rq  Fig.  17a) 
covered  with  a  catalyser  :  cobalt  oxide.  The  maximum 
quantity  of  O2      (rate  of  12  \)  is  obtained  for  a 


'A  +  'A  -^^I  +  +  hv 
'I  +  'I  +       +  hv 

^A  +      ^^Z  +       +  hv 


(À  =  6  340  Â,  T  = 
(A  =  3  802  Â,  T  = 
(A  =  4  770  Â,  T  -- 


1.5  s,  Â:  =  5  X  10"") 
0.3  s,k  =  8.3  X  10-") 
1.7  s.  A:  =  4  X  10"") . 
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zone  the  population  of  0,('zl)  is  only  decreased  of 

*^tVthen  possible  lo  drive  the  O,  '/l  to  either 
tank  G  for  a  gaseous  phase  reaction  or  '"^  tank  K 
where  the  organic  product  is  in  liquid  phase  (Fig.  17/7). 
The  différent  reactors  used  are  represented  on 
fleure  17r.  A  for  reactions  with  gas  or  hquid  with  a 
high  vapour  pressure,  B  for  liquids  with  low  vapour 
pressure  and  C  for  solids  products  dissolved  in  a 
convenient  solvent. 

Due  to  its  analogy  with  the  carbon-carbon  bonding 
of  an  alcine  one  observes  a  spécifie  chemical  reactivity 
of  02Cà)  as  for  example  its  fixation  on  a  double 
bonding  C=C  including  a  hydrogen  atom  m  a  ot 
the  bonding  and  in  a  as  position.  If  there  is  no  H  m  a 
it  is  possible  to  get  dioxetanes  more  or  less  stable 
giving  a  rupture  of  the  bonding.  But  the  most  interest- 
îng  case  is  the  reaction  with  a  double  bonding  m  the 
aromatic  cycle  or  in  the  heterocycle.  One  will  firjd  a 
summary  of  the  reactions  studied  by  Dumas  m  [147 
to  149]. 

3  Plasma  chemistry  with  condensed  phases.  —  A 

high  température  plasma  (arc  or  HF  at  atmosphenc 
pressure)  is  first  a  source  to  get  high  populations  of 
excted  States  either  by  Boltzmann  distribution  at  high 
température  or  by  transfers  with  me  tas  table  (for 
example  in  an  argon  DC  plasma  jet  it  is  possible  o 
obtain  density  of  the  atomic  metastables  up  to 
6  X  10^3  part/cm^  and  if  one  injects  cold  nitrogen 
into  such  a  plasma  the  excitation  transfert 


p,g  17.  _  HF  reactor  for  organic  compounds  (after  [145]). 

power  of  30  W  and  a  pressure  of  3  torrs.  The  0(^P) 
density  is  measured  with  the  two  reactions  : 
O  +  NO     NO2  +  hv    {k  =  10''^) 

^""^     O  +  NO2  -  NO  +  O2    {k  =  \0'''). 

The  O,  density  is  obtained  by  a  chemical  method  : 
absorption  of  O3  on  silica  gel  at  the  liquid  nitrogen 
température,  and  then  reaction  with  lodine 

O3  +  21"  +  2  H-  -  O2  +  H2O  +  I2  • 
The  measurements  show  for  example  that  at  1  torr 
with  an  oxygen  flow  rate  of  20  Nml/min  the  O3 
density  decreases  from  4%  to  0.1  %  in  présence  of 
Hg  vapour.  , 

After  the  discharge  the  desexcitation  kinetic  ot  à 
is  given  by  ; 


Ar™ 


-  N2(X)     Ar  +  N2(C) 


at 


kXM  +  (koP2]  +  ku[0]  +  ko^O,])  ^ 

X  ['A]  +  k^'A]^ 

the  first  term  corresponding  to  a  desactivation  on  the 
wall  The  calculations  made  by  Dumas  [145]  shows 
that  with  a  glass  tube  of  0.5  cm,  1  m  after  the  discharge 


allows  overpopulation  factors  in  the  range  10  - 1 0  ). 
However  when  thèse  high  température  plasmas  are 
used  for  solid  materials  treatment  they  are  usually 
considered  in  the  first  approximation  as  a  source 
of  energy  in  LTE.  So  using  the  LTE  hypothesis  one 
calculâtes  the  thermodynamic  and  transport  pro- 
perties  of  the  plasma  itself.  And  then  one  must 
calculâtes  mass  and  heat  transfert  between  p  asrna  and 
particles  or  solids  and  study  successively  fusion, 
vaporisation,  chemical  changes  and  condensation. 

3  1  Thermodynamic  and  transport  properties 
OF  THE  PLASMA.  -3.1.1  Thermodynamic  properties. 
-  For  reactions  in  the  gaseous  phase  we  have  seen 
that  the  concentration  of  the  différent  species  is  the 
important  parameter  but  for  heat  transfer  the  two 
important  parameters  are  the  spécifie  heat  and  the 
enthalpy.  The  spécifie  heat,  is  by  définition, 

where  H  is  the  mass  enthalpy  of  the  mixture.  One 
obtains  [150] 


where  c^,  is  the  spécifie  beat  at  constant  pressure, 
X,  the  mole  fraction,  //,.  the  enthalpy  of  the  species  / 
and  M  the  total  mass  of  the  mixture.  In  this  expression 
the  first  term  is  the  frozen  ?p  and  the  second  the 
reaction  term  c^,  which  becomes  important  and  shows 
maxima  each  time  there  is  dissociation,  ionisation  or 
Chemical  reaction.  For  example  [150]  figure  18 
shows  the  différent  components  of  the  spécifie  heat 
at  constant  pressure  for  the  system  1  C,  4  H,  20 
and  2  Fe  at  atmospheric  pressure.  The  very  réactive 
nature  of  the  mixture  is  indicated  by  the  form  of 
the  Cp  curve. 


Fig.  18.  —      versus  T  for  the  System  CH. O. F„  e""/l  .4.3.2.0  [1 50]. 


Figure  19  shows  the  enthalpy  of  the  same  mixture 
obtained  by  intégration  of  C^. 

3.1.2  Transport  properties.  ~  The  levels  of  mass 
and  heat  transfer  between  the  plasma  and  the  introduc- 
ed  material  are  determined  by  the  viseosity  and 
thermal  conductivity  of  the  plasma.  In  the  LTE 
hypothesis  thèse  parameters  are  calculated  by  solving 
the  integro-difïerential  Boltzmann  équation,  usually 
by  the  Enskog's  method  of  successive  approxima- 
tions [151,  152].  The  perturbation  function  is 
found  [153]  by  using  Sonine  polynomial  of  order  k, 
the  problem  being  to  find  the  minimum  value  of  k 
that  gives  the  best  convergence  of  the  séries.  For 
example  [154  to  158]  found  that  it  is  sometime  neces- 
sary  to  carry  out  the  calculations  up  to  A:  =  4.  In  this 
calculations  it  is  necessary  to  know  the  interactions 
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Fig.  19. —  System  C.4H.30.2Fe  [150]. 


potentials  to  détermine  the  collision  intégrais.  Unfor- 
tunately  their  is  no  data  for  plasmas  of  complex 
mixtures  (C,  H,  O  for  example),  and  even  for  thèse 
who  are  known  there  is  a  large  uncertainty  about  the 
interaction  potential.  The  calculation  of  the  viseosity 
is  made  with  the  pressure  tensor  [151].  For  the  thermal 
conductivity  one  must  take  into  account  the  réaction 
conductivity  [159]  and  the  internai  thermal  conducti- 
vity [160].  Figure  20  shows  the  importance  of  the 
reaction  conductivity  when  the  ionisation  of  argon 
occurs  and  figure  21  shows  the  importance  of  the 
dissociation  of  hydrogen  in  a  mixture  or  Ar-H2  [161]. 


Fig.  20.  —  Thermal  conductivity  of  argon  versus  température 
(after  [161]). 
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Table 

Nu„ 


II  _  Corrélation  in  the  houndary  layer. 


=  0.323  Re.V'  Pr'"  Pr  >  0.7  theoretical 

=  0.332  Re,'}/  Se"'  Re,„,  <  10^  results 

Nu°=  0.037  Re°^  Pr'"  Pr  >  0.7  ;    Re  >  10' 

Nu  =  0.02  Rs^J'  Pr°  "  Hot  gas  strinking  on  c 


[232] 


[233] 
[234] 


Fig.  21. -Thermal  eondueimty  ot  argon-hydrogen  mixtures 
versus  T  (after  [161]). 


3  2  Heat  and  mass  transfer.  —  For  a  partially 
ionized  gas,  dimensional  analysis  leads  to  empincal 
corrélations  for  heat  transfer  through  the  Nusselt 
number  [162] 


Nu  =  /(Pr,  Re,  Se,  ^,  cp) 
where  Pr  Re,  Se  are  respectively  the  Prandlt,  Reynolds 
and  Schmidt  number,  ^  the  ionization  degree  and 

=  eVflkT  The  différents  corrélations  used  are 
listed  in  tables  I  and  II.  Usually  the  plasma  transport 
properties  used  to  calculate  the  reduced  numbers  are 
integrated  over  the  range  of  température  considered 
(plasma  température,  particle  température). 

When  the  material  treated  is  used  as  électrode  the 
problem  becomes  very  complex  [163  to  166].  The  heat 
flux  going  through  the  anode  being  : 

.  ?a  =  ^c  +  ^r+À(^  ^a  +  </>a) 

where  q  is  the  conduction  and  convection  term, 
CI  the  radiative  flux,  F,  the  anode  fall,  cp.,  the  work 
fonction  of  the  anode  material.  the  electronic 
température  and  a  the  électron  current  density. 

The  particle  trajectoires  are  obtained  by  solving 
the  Basseî-Boussinesq-Oseen  équation  [167  to  171]^ 
In  this  équation,  the  velocity  variation  is  expressed 


Fig.  22.  —  Température 
(after  [100]). 


distribution    for    AI2O3  particles 


through  the  drag  coefficient  expressed  as  a  function 
of  the  Reynolds  number  [167  to  171]  (see  Table  III). 
For  example  figure  22  shows  the  velocity  and  tempe- 
rature  distribution  of  alumina  40  ^im  particles  injected 
in  an  hydrogen  plasma  jet  [100].  This  distribution 
calculated  from  the  preceeding  équations  (knowing 
plasma  température  and  velocity)  is  in  good  agreement 
with  the  measurement  performed  on  20-28  ^l  particles 
(dark  circles)  and  50-63  ^im  particles  (open  circles). 

For  heat  transfer  one  usually  supposes  that  the 
whole  energy  coming  from  the  plasma  is  absorbed 
by  spécifie  heat  and  lost  by  radiative  transfer.  For 
example  figure  23  shows  [170]  the  calculated  tempe- 
ratures  reached  by  alumina  particles  injected  into  a 
H  F  argon  plasma  (open  circles  :  solid  particle. 
dark  circle  liquid  droplet  and  partially  shaded  circle  : 
partially  melted  particle).  However  in  such  a  calcula- 
tion  an  important  phenomenon  has  been  neglected, 
the  influence  of  the  particle  thermal  conductivity 
and  for  example  the  expérimental  results  of  Lesm- 


Table  I.  —  Corrélation  for  Nusselt  Number. 

Conditions 


Nu 


l.OD  ^IVC  r  1  — 

0.026  Re°  Pr 


Re  <  200;  L/D  >  10  wall  with  T  =  constant 


Références 
[229] 


"  "  .             Re  >  210^0.6  ^  Pr  <  100;L/D  >  10  [229] 

0  023  Re««  Pr-  0.7  <  Pr  <  100;  Re  >  10^  L/D  >  60;  [230] 

"•"^■^         rr  m  =  0.3  for  cooling  ;  m  =  0.4  for  heating 

7  +  0  025(Re  Pr)"-«  Pr  >  100  heat  flux  to  the  wall  is  constant  [231] 

5  4-  o'.025(Re  Pr)-  200  <  Re  Pr  <  10^  T.„  =  constant 


C7-304 


P.  FAUCHAIS,  J.  RAKOWITZ 


Table  III.  —  Corrélations  for  the  drag  coefficient  (after  [84]). 


Re 

Re  <  0.1 
0.1  ^  Re  <  1 
1    ^  Re  <  20 
20    ^  Re  <  200 


Spheric  particle 

24/Re 

(24/Re)  (1  +  3  Re/16) 
(24/Re)  (1  +  0.11  ReO  «»0) 
(24/Re)  (1  +  0.189  Re°  "2) 


Flakes  :  e  0.026 
24Si/Re 

(24Si/Re)(l  +  3  Si  Re/16) 
(20.4/Re)(l  +  0.136  Re°  «03) 
(20.4/Re)(l  +0.138  Re°-^") 


1  isashapefactor;  forthindisksSi  =  8/3  ti. 


oooolCOll 


Fig.  23.  —  Particle  trajectories  (after  [170]). 


ski  [100]  shows  more  than  600  K  of  différence  bet- 
ween  the  calculated  and  measured  températures.  This 
is  due  to  the  fact  that  for  low  thermal  conductivity 
the  heat  flux  leads  to  a  fused  zone  at  the  surface  of 
the  particle  and  the  vapour  leaving  the  partially 
melted  particle  completely  modifies  the  heat 
exchange  [173].  Figure  24  shows  the  application  of 
the  calculation  of  the  température  history  of  iron 
particles  of  différent  diameters  in  a  HP  plasma,  one 
has  to  note  the  change  of  slope  near  the  Curie  tempe- 
rature  due  to  the  singular  point  of  the  thermal  dif- 
fusivity.  But  unfortunately  one  has  to  emphasize 
that  most  of  the  thermal  properties  of  the  solids  at 
high  température  are  not  well  known. 


axial  position  ZLtcm) 


oi  ir     :  ■!  I. 

0  5  10  15 

axial  position  ZLlcml 


axial  position  ZKcml 

Fig.  24.  —  Predicted  particle  surface  température  and  velocity 
(after  [173]). 


3.3  PhYSICAL    CHANGES    OF    SOLID    MATERIALS  IN 

PLASMA.  —  3.3.1  Plasma  spraying.  —  Since  1 960  DC 
plasma  jets  have  been  used  to  melt  a  powder  feed 
and  Project  the  droplets  at  high  velocity  against  a 
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^aterial  to  be  coated.  Any  matenal,  prov.ded  a  few 
hundrcd  degree  Celsius  between  its  fusion  tempe- 
rature  and  its  vaporization  or  décomposition  tempe- 
rature  may  be  sprayed.  We  do  not  wish  here  to  make 
a  général  review  of  the  sprayed  matenals  (see  for 
example  [174  to  176])  or  of  their  use,  but  to  emphasize 
the  physical  problems  encountered  that  need  to  be 
solved.  A  plasma  sprayed  deposit  consists  of  suc- 
cessive layers  of  matenal  built  up  by  the  impact  of 
molten  droplets,  projected  at  high  velocity,  wh.ch 
flatten  against  the  substrate  and  sol.d.ty  very  rapidly. 
As  we  have  seen  the  plasma  jets  are  very  inhomoge- 
neous  with  high  température  gradients  (see  for  example 
Fig  5)  corresponding  to  high  transport  proper ties 
gradient  (see  for  example  Fig.  21).  The  main  problem 
fs  to  introduce  the  partiales  inside  the  hot  area  of  the 
plasma,  which  in  very  difficult  because  of  its  high 
viscosity.  Measurement  of  the  velocity  of  18  |am 
diamete'r  alumina  particles  at  the  end  of  the  injector 
disposed  orthogonaly  to  the  plasma  jet  [104]  show 
that  the  particles  with  a  velocity  smaller  than  20  m/s 
could  not  penetrate  the  plasma  jet  and  remain  on  the 
periphery  and  cannot  be  melted  and  on  the  contrary 
with  a  velocity  greater  than  40  m/ s  they  just  go 
.  Through  the  jet  and  are  not  melted.  Unfortunately 
on  a  commercial  scale  the  granulometry  of  the  par- 
ticles injected  is  rather  large  and  it  will  be  possible 
to  give  the  good  speed  only  to  the  particles  m  the 
center  of  the  distribution.  To  get  a  good  plasma 
coating  one  needs  to  have  only  completely  melted 
particles  flattening  on  the  target  and  to  eliminate 
the  particles  travelling  at  the  periphery  of  the  jet 
at  a  velocity  of  a  few  m/s  compared  to  the  velocity 
of  the  particles  travelling  in  the  central  zone  (greater 
than  100  m/s  see  Fig.  8).  Due  to  the  différence  m 
kinetic  energy,  the  particles  along  the  periphery 
càn  be  ehminated  by  a  compressed  air  blast  normal 
to  the  plasma  jet  close  to  the  substrate  [177].  hor 
particles  that  penetrate  the  plasma  jet,  due  to  the 
high  température  and  velocity  gradients  of  the  plasma 
(see  Fig  5  and  7)  and  large  size  distribution,  the  spray 
stream  produced  will  contain  particles  with  a  wide 
range  of  velocity  and  température.  If  they  are  molten 
they  will  flatten  on  impact  with  the  substrate.  Their 
degree  of  flattening  [1 78,  1 79]  (ratio  of  the  diameter 
of  flattened  dise  (Z))  to  diameter  of  the  mitial  drop  {d)) 
is  given  by  the  following  équation 

D,d=U'-^T 


where  p  is  the  liquid  density,  ix  the  liquid  viscosity, 
,  the  droplet  impact  velocity.  Substituting  appropnate 
values  for  Al^Oj  in  the  velocity  range  100/400  m  s 
gives  DId  ■  3-6  which  seems  to  be  in  reasonable 
agreement  with  various  expérimental  observation  [1 80, 
181]  With  such  flattening,  plasma  spraying  conditions 
are  very  similar  to  those  occuring  durmg  splat  quench- 
ing  of  metals.  The  beat  transfer  rate  to  the  sub- 


strate [182]  may  be  estimated  of  the  order  of 
10^  Wm^  K  '.  Applying  this  to  Al.O.,  it  gives  a 
coohng  rate  of  10^  K. s"'  and  a  freezing  t.me  of 
10  us  The  zone  of  thermal  effect  in  the  underlymg 
material  is  therefore  quite  small  and  température 
gradients  reach  -  10^  K.cm  >.  The  coatmg  has  a 
sandwich  like  structure  as  shown  m  figure  25  and 
its  properties  can  be  regarded  as  resulting  f^orn  lhe 
déformation  and  solidification  processes  of  individual 
particles  and  their  interaction  on  contact.  The  wetting 
and  flow  properties  of  the  liquid  droplets  are  of  first 
importance  since  they  will  influence  porosity  and 
adhésion  properties.  The  porosity  is  related  to  the 
partiale  température  and  velocity  on  impact.  As 
shown  by  Vardelle  [104]  :  the  porosity  decreases  from 
22  7  to  10°   if  the  velocity  is  increased  by  150  m/s 
with  alumina  particles.  The  factors  controUing  the 
adhésion  are  not  well  understood.  One  point  of  view 
suggests  that  adhésion  is  controlled  purely  by  mecha- 
nical  factor  [183]  (interlocking  of  the  coating  with 
the  rough  substrate  surface)  another  is  that  cheinical 
interaction  occurs  between  partiale  and  substrate  [184, 
175]  However,  except  in  the  case  where  a  strong 
exothermic  réaction  occurs  between  two  molten 
metals  (nickel  aluminide  spraying  [185]),  it  is  difficult 
to  see  how  an  interaction  layer  of  any  significant 
depth  can  be  formed.  Even  assuming  values  for 
difi-usion  coefficients  (D)  in  the  substrate  of  the  order 
of  that  near  the  melting  point  (10     cm  s    )  the 
diffusion  depth  (X)  given  by  x  =         is  of  the  order 
10  Â  for  a  contact  of  10  ^is.  But  on  the  contrary  after 
grit  blasting  the  adhésion  decreases  with  the  thickness 
of  the  oxide  film  formed  on  the  substrate.  Epitaxial 
growth  and  bonding  occurs  only  when  the  substrate 
is  at  high  température  (greater  than  1  300      for  W 
spraying  on  W).  So  a  lot  of  work  remains  to  be 
done  before  the  mechanism  is  properly  understood. 


FiK  25  -  Texture  of  plasma  sprayed  coating  ;  (1)  contact 
sufface  between  the  coating  and  substrate;  (2)  comact  sur^a^ 
between  layers;  (3)  contact  surface  between  particles.  (DJ  d.a 
meter  of  the  fused  contact  surface  portion  (after  [14]). 

The  crystal  structure  of  the  coating  is  often  very 
différent  from  the  initial  material  crystal  structure 
due  to  extremely  rapid  cooling  and  one  observes 
the  suppression  of  crystallisation  or  the  formation 


C7-3()6 


P.  FAUCHAIS.  J.  RAKOWITZ 


of  solid  metastable  phases  [185  to  189].  Some  effects 
of  preferred  orientation  of  the  crystals  relative  to  the 
surface  have  also  been  observed  with  hexagonal 
structure  (coating  with  controlled  friction  coefficients) 
[190]  but  they  are  not  clearly  understood. 

2>.  3. 2  Spheroidisation.  —  Melting  of  a  particle 
results  in  the  formation  of  a  spherical  drop  under  the 
action  of  surface  tension  forces  and  this  shape  is 
usually  retained  by  the  solid  particle  after  solidifi- 
cation [191,  192].  For  example  this  treatment  is  used 
for  spheroidisation  of  Fe304  for  photocopying  and 
UO2  for  dispersed  nuclear  fuels,  or  to  get  structural 
changes  as  in  the  dissociation  of  zircon  to  Zr02 
and  SiO^  allowing  a  preferential  dissolution  and  the 
préparation  of  Zr02  [193].  Spheroidisation  of  quartz, 
clays,  kyanite,  mullite  and  others  alumino-silicates 
results  [194,  195]  in  the  formation  of  glasses  of  high 
melting  point.  The  spheroidisation  may  also  provide  a 
purification  effect  by  evaporation  of  some  impurities 
(for  example  Fe,  Mo,  Na  from  AI2O3  [14]). 

RF  plasma  torches  are  generally  used  for  spheroi- 
disation of  particles  (long  résidence  time  and  no 
pollution  by  électrodes)  when  a  high  purity  is  required. 
DC  or  AC  arc  plasma  jets  give  rise  to  limitations  in 
the  particle  size  that  may  be  treated  because  of  the 
short  résidence  time.  Plasma  fumaces  with  fluid 
convective  cathodes  (FCC)  [196  to  198]  or  fluidized 
bed  [199]  which  give  longer  résidence  times  (mean 
température  5  000  K  and  mean  velocity  a  few  m/s) 
are  more  suitable  for  large  scale  spheroidisation  of 
larger  particles.  From  a  physical  point  of  view  one 
has  to  mention  that  the  FCC  uses  the  Maecker  effect 
[200  to  202]  that  is  to  say  magneto-hydrodynamic 
pumping  near  the  cathode  tip  (for  example  at 
atmospheric  pressure  one  has  a  réduction  of  the 
pressure  of  0.02  atm  at  the  cathode  tip  of  an  arc 
working  in  hydrogen  with  500  A). 

3.3.3  Vaporisation.  —  The  vaporisation  of  a  par- 
ticle at  atmospheric  pressure  requires  a  large  amount 
of  energy  because,  as  vaporisation  proceeds,  the  heat 
must  be  carried  through  the  expanding  vapour  film 
on  the  particle  surface  (a  silica  particle  of  200  |im 
would  produce  a  cloud  of  vapour  of  5  mm  diameter). 
A  number  of  theoretical  models  have  been  developed 
[203  to  205]  with  probably  an  increase  of  the  heat 
transfer  due  to  the  higher  température  of  élec- 
trons [203,  206],  specially  when  the  material  is  used 
as  électrode.  To  achieve  the  high  transfer  rate  one  uses 
mostly  rotating  plasma  furnaces  [207  to  208]  or  arc 
transfered  to  the  material  being  vaporized  (using 
the  material  as  anode  see  §  3.2)  [209  to  210]. 

Experiments  have  been  donc  on  Mg,  Zn,  Fe,  Sb, 
Al  oxides  [211,  212]  or  tin  slags  [213],  but  the  most 
extensively  treated  material  is  silica  with  the  aim  of 
preparing  ultrafine  silica  powder  (used  at  a  rate  of 
about  10  000  t  per  year)  [207,  208,  210,  214,  199].  In 
ail  the  cases  the  most  important  physical  phenomena 
is  condensation. 


3.3.4  Condensation.  —  We  will  deal  only  with  the 
condensation  of  the  vapour  to  obtain  very  small 
particles.  This  vapour  is  obtained  either  from  vapori- 
sation of  solid  materials  or  by  high  température 
reaction  between  a  reactant  vapour  (SiC^,  TiC^, ...) 
and  the  plasma  (Oj,  CH4,  N2)  to  get  for  example 
Si02,  Ti02,  TiC,  SiC,  TiN,  Si,N,, ...  [14,  215,  217]. 
The  controlling  step  of  condensation  is  nucleation, 
which  takes  place  when  the  vapour  pressure  exceeds 
the  equilibrium  vapour  pressure  of  the  condensed 
phase  in  the  system.  Often  a  certain  degree  of  under- 
cooling  is  necessary  before  nucleation  occurs  at  a 
significant  rate.  The  rate  équation  for  nucleation  is  as 
follows  : 

the  non  constant  preexponential  term.  À,  is  dominated 
by  AG^  which  dépends  sensitively  on  supersaturation 

P/Po 


AG,  ~ 


Ln  (p/po) 


where  y  is  the  interfacial  energy.  In  plasma,  nucleation 
occurs  at  a  supersaturation  of  2-3.  The  différent 
studies  specially  on  Si02  and  Ti02  [218,  219]  empha- 
size  the  rapidity  of  nucleation  and  the  importance  of 
coalescence  for  the  final  particle  size.  However 
condensation  of  silica  is  a  spécial  case  because  liquid 
silica  is  very  viscous  and  crystalhsation  does  not 
occur  on  cooling,  the  rate  of  coalescence  may  be 
estimated  from  équation  developed  for  sintering  by 
viscous  flow  [220].  From  this  theory  coalescence  to 
form  spherical  particles  would  be  expected  to  cease 
at  température  below  approximately  2  200  oC. 
Condensation  under  this  température,  as  is  has  been 
observed  [208],  resuit  in  the  formation  of  chains  of 
very  small  particles. 

For  the  materials  which  condense  to  liquid  droplets 
rather  than  solid  particles  it  is  possible  to  condense 
two  or  more  components  to  give  liquid  solution 
droplets  [221]  (Al203-Si02,  Al304-Cr203,  ...). 

At  least  the  solidification  of  liquid  droplets  sus- 
pended  in  a  cooling  gas  stream  will  be  différent  of 
that  observed  under  normal  conditions  because  they 
will  tend  to  undercool  well  below  the  equilibrium 
melting  point  before  crystalhsation.  Due  to  the  very 
high  cooling  rate  (lO'^-lO'^  K/s)  bcth  effects  may 
resuit  in  the  formation  of  metastable  phases  as  discuss- 
ed  in  détail  by  McPherson  [221].  A  number  of  studies 
have  been  made  for  AI2O3,  Si02,  Ti02  and  their 
mixture  [222  to  226]. 

3.4  Chemical  reactions.  —  When  the  plasma  A 
is  inert  and  just  used  to  décompose  the  product  : 

A  +  CDv:^C  +  D  +  A,g, 

the  problems  becomes  essentially  one  heat  transfer. 
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When  the  plasma  A  is  reactive  with  ihe  condensée! 
phase  B  : 

A,,,  +  B  C  +  D,,, 
C  being  condensée!  and  D,,,  a  reaction  gas,  one  has 
to  compare  the  diffusion  phenomena  to  the  heat 
transfer  phenomena  (before  diffusing,  the  yapour 
must  be  produced  by  heat  transfer)  Bonet  [227] 
shows  that  the  characteristic  times  d/^  and  ûh  are 
such  as  : 


bv  the  Joule  effect  and  électron  condensation  (anode) 
thus  enhancing  the  efficiency  of  the  heat  transfer  to 
the  reactants  and  reducing  the  heat  losses  to  the  élec- 
trodes. The  first  furnace  of  this  type  was  designed 
for  MHD  research  [235]  but  the  most  efficient  is  that 
of  Mac  Rae  figure  26  [236]  used  at  a  power  level  of 
1  MW  for  iron  ore  réduction  and  of  400  kW  for  ferro- 
vanadium  préparation  [237]. 


where  C,  is  the  spécifie  heat  of  B,  the  plasma 
température,  T,  the  particle  température,  p  the  mass 
concentration  of  the  vapour  at  the  particle  sur  ace 
and  A//t  the  enthalpy  flux  (including  the  reaction 
enthalpy).  Usually  ^H,  >  C,(r,  -  T,).  So  if  p  is 
important  then  the  décomposition  process  cannot 
be  neglected  for  particle  with  {cp  <  200  nm)-^ 

For  example  the  molybdenium  disulfide  desul- 
furization  process  is  controlled  by  heat  transfer  and 
MoS,  starto  reacting  appreciably  m  the  solid  state 
from  1  773  K  [228].  In  flight  (studies  have  been 
made  with  a  FCC  plasma)  the  moving  particles  go 
through  the  following  phases  : 

1)  r  =  1  773  K  :  solid  state  (flake)  :  no  reaction, 
only  heating. 

2)  1  773  K  <  Tp  <  1  923  K  :  solid  state  :  (i)  heat- 
ing of  MoSad,;  (ii)  conversion  of 

MoS2(s)  ^  Mo,,,  +  S2(v); 

(iii)  heating  of  Mo,,,. 

3)  ^  1  923  K  :  melting  :  (i)  heat  for  melting  of 
MoSzJ;  (ii)  conversion  of  MoSz,,,  ^  Mo,,,  +  S2,v, 
(converted  Mo  stays  at  1  923  K). 

4)  1  923  K  <  Tp  <  2  892  K  :  solid  liquid  state  : 
(1)  conversion  of  MoS^,,,  -  Mo,,,  +  S2,v,  ;  (ii)  heat- 
ing of  M0S2,,,;  Oii)  heating  of  Mo,,,  (continues  stiU 
conversion  takes  place). 

5)  z=  2  892  K  :  melting  Mo,,,  Mo,,,. 

6)  2  892  K  <  Tp  <  4  9 1 9  K  :  heating  of  liquid  Mo. 

^4  919K   :  vaporizing  :  Mo„)-^Mo„); 
(Mo  vapour  causes  loss  in  Mo  recovery). 

On  the  contrary  for  the  réduction  of  Fe203  with 
hydrogen  or  carbon  in  plasma  furnace  [229]  the 
process  seems  to  be  controlled  by  diffusion.  The 
diffusion  time  for  60  m  Fe203  particles  is  high  (0.1  s) 
and  the  main  problem  is  to  use  a  plasma  device  with 
a  long  résidence  time  to  allow  the  chemical  reaction 
to  proceed  to  a  significant  extent.  Falling  film  furnaces 
are  very  well  suited  for  this  ;  they  make  use  of  a 
hollow  cylindncal  anode  into  which  the  particles  are 
fed  in  a  gas  vortex,  melting  to  form  a  liquid  falling  film 
on  the  anode  wall.  The  melted  film  is  heated  by  the 
plasma  as  in  others  configurations  but  is  also  heated 


Fig.  26.  -  Bethlem  SteeFs  1  MW  fallmg  film  furnace  (afte 
US  Pat  4002466  llth  Jan  1970). 


Conclusion.  -  If  plasma  chemistry  is  known  since 
the  beginning  of  the  century,  a  lot  of  experiments 
(some  zoological  description)  has  been  made  between 
1955  and  1970.  However  important  progresses  have 
been  achieved  only  in  the  seventies  with  the  improve- 
ment  of  measurement  techniques.  This  helped  to 
identify,  in  homogeneous  reactions,  the  rôle  ot  the 
excited  States  and  of  the  kinetic,  electronic,  vibrational 
and  rotational  excitation  and  to  show  that  the  most 
important  part  of  plasma  chemistry  is  the  quenchmg 
of  the  excited  new  species  formed.  For  heterogeneous 
reactions  the  improvement  of  the  measurement  tech- 
niques allows  a  better  understanding  of  the  heat 
and  mass  transfer  phenomena  between  the  plasma 
and  the  particles. 

Among  the  diagnostic  techniques  used  one  has  to 
emphazise  the  use  of  laser  diagnostic,  either  to  déter- 
mine by  fluorescence  the  rate  coefficients  of  reactions 
with  excited  species  specially  the  metastable  ones  that 
may  allow  spécifie  stereochemistry  or  to  study  the 
particles  velocity  and  diameter. 

In  the  future  as  electricity  becomes  the  most 
reliable  and  versatile  source  of  energy,  industnal  uses 
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of  plasma  chemical  reactors  will  become  increasingly 
attractive  because  : 

1  )  they  can  be  operated  and  stopped  very  quickly  ; 

2)  their  energy  density  is  very  high  and  the  reaction 
are  very  fast  compared  to  the  classical  reactors 
allowing  the  use  of  small  units  with  a  rather  low 
investement  cost; 

3)  they  are  usually  not  polluting. 

However,  a  lot  of  progress  has  yet  to  be  made  to 
further  understand  what  happens  during  plasma 
treatment  from  a  microscopic  point  of  view  in  order  to 
improve  the  conversion  rates  and  the  spécifie  energy 
consumptions  of  the  reactors.  For  example  catalysis 
seems  to  be  very  promising  but  almost  everything 
remains  to  be  done. 

The  main  areas  of  research  in  plasma  chemistry 
seems  now  to  be  : 

•  research  on  reactions  with  excited  states  : 
stereochemistry  with  metastable  states,  eximers  and 
flowing  lasers... 

•  research  on  the  destruction  of  polluting  molécules 
(SO2,  NO2,  NO...),  high  atmosphère  and  space 
chemistry... 


•  production  of  molécules  with  high  added  values 
either  in  organic  chemistry  or  for  ceramics  with  spécifie 
cristalline  structure... 

•  production  of  molécules  with  low  added  values 
improving  the  conversion  rates  and  energy  consump- 
tion,  in  particular,  due  to  the  oil  crisis,  researches  are 
developped  for  NO  production  from  air,  CjHj  and 
C2H4  from  coal... 

•  extractive  metallurgy  by  plasma  allowing  the 
local  treatment  of  low  grade  ores  and  the  production 
of  high  purity  metals... 

•  production  of  submicronic  powders  or  sphero- 
idized  particles  for  sintering... 

•  development  of  the  plasma  sprayed  coatings 
for  wear  and  corrosion  protection,  thermal  and 
electrical  barrier  surfaces  with  low  coefficients  of 
friction... 

•  surface  treatment  in  low  pressure  plasmas  for 
electronic,  optical  and  wear  résistance  applications... 
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1 .  Introduction.  —  In  the  laboratory,  plasmas  origi- 
nale both  from  gas  présent  or  introduced  into  the 
apparatus  and  from  surrounding  surfaces.  In  cases 
(material  analysis)  only  wall  particles,  in  others 
(controlled  fusion)  only  fueled  particles  are  desired. 
The  latter  requirement  is  easily  satisfied  in  fusion 
schemes  based  on  inertial  confinement  :  the  plasma 
puise  is  shorter  than  the  communication  time  to  the 
walls.  It  is  not  stringent  in  magnetic  mirror  Systems  : 
impurities  are  poorly  confined.  But  in  toroidal  reac- 
tors,  the  power  producing  puises  should  be  as  long 
as  possible  and  impurities  are  well  confined  (according 
to  some  théories,  better  than  D""  and  T"").  For  many 
materials,  the  release  of  less  than  1  %  of  a  monolayer 
prevents  D-T  ignition.  Thus,  as  experiments  to 
achieve  burning  plasmas  are  being  built  and  planned, 
plasma-wall  phenomena  are  now  studied  as  attentively 
as  the  closely  related  problems  of  improved  heating 
and  confinement. 

The  libération  of  wall  particles  can  be  : 

a)  thermal  (evaporation,  desorption)  ; 

b)  current-induced  (unipolar  arcs,  bundles  of  rela- 
tivistic  électrons)  ; 

c)  due  to  energetic  particles  (sputtering,  back- 
scattering,  ion-induced  desorption,  blistering),  pho- 
tons  (photo  desorption)  or 

d)  to  a  large  concentration  c  of  hydrogen  dissolved 
in  surface-near  layers. 

The  first  three  topics,  in  particular  b)  and  c)  have 
been  reviewed  recently  [1].  We  concentrate  on  the 
fourth,  and  point  out  the  dominant  rôle  which  c 
plays  on  the  : 

—  impurity  production  and  release  by  chemical 
reactions  between  dissolved  hydrogen  and  surface- 
near  layers  of  carbides  and  oxides  on  steels, 

—  hydrogen  exchange  (recycling)  between  plasma 
and  wall,  and  associated  isotopic  effects, 

—  tritium  inventory  in  walls  of  devices  which 
shall  contain  D-T  plasmas, 

—  surface  embrittlement  effects. 

Gaseous  Hj  dissolves  endothermally  as  interstitial 
aioms  into  SS  and  inconels,  whereas  H°  and  H""  dis- 


solve exothermally  ;  at  wall  température  ^  600  "C, 
evaporation  as  atoms  is  negligible. 

2.  Concentrations  c  of  thermalized  and  of  non- 
thermal  «  bot  »  H  in  the  wall.  —  In  a  toroidal  device 
with  a  minor  radius  of  20  cm,  a  density  of  10'*  cm  ^ 
and  a  particle  confinement  time  of  10  ms,  the  flux 
density  of  atoms  (including  Frank-Condon  from 
recycling)  which  escapes  radially  to  the  wall  is 
(Pi  «  4  X  10'^  cm"^  s-^  Less  than  10  %  of  thèse 
((/)h  <  4  X  10'*  cm"  ^  s"  ^)  have  énergies  £  >  100  eV. 
A  fraction  «i  of  cpi  pénétrâtes  into  the  lattice.  At 
high  [2]  and  low  [3,  4]  énergies,  ai  «  1  ;  for 
2eV  <  £  <  200  eV,  1  >  «i  >  0.3  values  are  expected 
[5].  Each  second,  Ui  =  ai  cp^  atoms  penetrate  ;  some 
diffuse  deeper  into  the  wall  {v^  =  -  D  ôcjdx),  others 
return  to  the  surface,  recombine  and  are  released 
{v,  =  2  ak,  c^)  as  molécule  ;  a  is  the  ratio  of  the 
surface  on  which  recombination  occurs  to  the  géomé- 
trie surface  of  the  wall,  k,  is  a  phenomenological  rate 
constant.  In  the  quasi-stationary  state,  when  diffusion 
becomes  negligible,  l'i  =  v„  i.e.  (')  : 

c  =  {a^cpjlaky^  .  (1) 

Using  the  value  of  a^cpi  given  above  and  for  k, 
that  [7]  deduced  from  a  review  of  available  data, 
we  find  that  at  40  °C,  c  is  500  times  larger  than  the 
equilibrium  c  in  at  1  atm.  High  c  values  under 
atomic  exposures  have  been  reported  by  Kass  [8] 
in  SS  and  measured  [4]  in  iron.  Since  the  rates  of  many 
phenomena  dépend  quadratically  on  c,  thèse  unexpec- 
tedly  high  values  make  it  likely  that,  at  first  unsus- 
pected  effects  play  dominant  rôles  in  the  plasma- 
surface  interaction. 

During  uninterrupted  plasma  exposures,  the  thick- 
ness  of  the  H-containing  layer  grows  about  propor- 
tionally  to  /"^  For  intermittent  exposures,  or  alter- 
nate  discharges  in  D  and  H,  a  computer  code  (non- 
linear  boundary  condition)  is  used  [9]. 

1  keV  D"^  ions  and  D°  atoms  have  an  impact 
velocity  of  «  3  x  10^  cm  s''  and  a  range  of 
<  10"  *  cm.  They  lose  their  kinetic  energy  in  a  time 


(*)  JET  Project,  Abingdon,  UK. 


('  )  If  large  amounts  of  H2O,  CH4,  are  produced,  eq.  (  1  )  must  be 
modified  [6]. 
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<  1  Ps  (^)  and  belong  thereafter  (unless  back- 
scattered)  to  the  sea  of  thermalized  atoms.  The  number 
of  hot  atoms  in  the  wall  is  (/j^  Th  <  4  x  10^  cm~^. 
Thus  even  if  the  phenomena  associated  with  the  ini- 
tial energy  and  momentum  are  impressive,  the  impor- 
tance of  other  effects  related  to  should  not  be 
forgotten.  Their  study  has  formed  the  center  of  the 
Jùhch  activities  in  this  field. 

3.  Chemical  reactions.  —  Pressure  measurements 
and  gas  analyses  in  hydrogen,  using  devices  incor- 
porating  hot  filaments  are  known  to  be  délicate  : 
some  H2  dissociâtes  into  atoms  which  stick  to  walls; 
H2O,  hydrocarbons,  even  CO  and  CO2  are  released 
from  surrounding  surfaces.  Similar  efîects  occur  in 
toroidal  devices  under  wall  bombardment  by  atomic 
hydrogen  :  unless  spécial  measures  are  taken 
[10,  11,  12],  O  and  C  are  the  dominant  plasma  impu- 
rities  and  large  amounts  of  the  above-listed  volatile 
compounds  appear  in  the  exhaust  gases  [13,  14]. 

Steel  and  inconel  surfaces  are  covered  by  an  (usually 
*  50  Â  thick)  oxygen  and  carbon-nch  layer  [15,  16]. 
The  production  rates  of  méthane  and  of  water 
are  [17]  proportional  to  the  concentration  of  surface 
carbides  and  oxides  respectively  and  to  c^,  i.e.,  in  the 
stationary  case,  to  (p,  (eq.  (1)).  Both  t'.g  and  v,^  are 
large  during  plasma  puises.  The  gases  released  are 
dissociated  and  ionised  by  the  hot  plasma,  converted 
to  C  and  O  ions  which,  during  and  at  the  end  of  the 
puise,  are  redeposited  on  the  wall.  Plasma  contami- 
nation results  but  little  C  and  O  are  eliminated  during 
the  puise,  the  pumping  speed  of  the  plasma  being 
much  larger  than  that  of  the  pumps. 

As  shown  in  §  4,  c  does  not  decrease  ail  the  way 
down  to  zéro  at  the  end  of  the  discharge  :  some  CH4 
and  H2O  are  also  produced  between  puises.  The 
méthane  is  evacuated,  i.e.  the  carbide  layer  is  constant- 
ly  depleted.  Some  C  reappears  however  on  the 
surface  by  diffusion  from  the  bulk.  When  walls  are 
at  room  température  the  H2O  produced  is  trapped 
in  surface  layers,  probably  in  the  form  of  métal 
hydroxides.  Part  of  the  water  formed  and  trapped 
between  puises  is  released  during  the  discharge, 
increasing  the  contamination  rate  ;  furthermore  only 
a  small  fraction  of  the  water  produced  between  dis- 
charges is  eliminated  via  the  pumping  ports,  limiting 
the  clean-down  rate  of  the  System.  A  more  detailed 
discussion  [17,  18]  shows  that  one  method  to  limit 
the  O-contamination  is  to  decrease  the  concentration 
of  surface-near  métal  oxides  by  careful  prehandling 
of  the  wall  :  glow  discharges  in  hydrogen  [19]  or  dense 
cool  tokamak  discharges  (to  maximize  ç),  and  mini- 
mize  dissociation  and  ionisation  of  HjO)  should  be 
particularly  appropriate  ;  high  T^'s  increase  and 
reduce    HjO-trapping    effects.    Measurements  in 


(^)  The  time  during  which  H  knows  that  it  was  initially  ionic 
or  neutral  is  shorter. 


K.  J.  DIETZ  AND  P.  WIENHOLD 

TFR  600  [12]  have  confirmed  the  rapid  réduction  of 
the  oxide  layer  under  thèse  conditions. 

Another  method  is  to  decrease  c\  for  instance  by 
appropriate  coatings  (large  k,,  eq."'(l)),  catalysing 
the  recombination  of  atomic  hydrogen  as  it  impinges 
onto  the  surface.  This  is  probably  the  cause  of  the 
bénéficiai  influence  of  titanium. 


4.  Hydrogen  recycling.  —  A  discussion  of  the  steps  : 

involved  in  the  hydrogen  exchange  at  surfaces  shows  i 

that  the  simple  expressions  for  the  rates  of  pene-  ' 

tration  rj,  diffusion  and  release  v,  as  defined  in  §  2  : 
are  applicable  when  surface  coverage  efîects  are 

negligible,  provided  that  :  \ 

~  H  2  physisorption  and  desorption  is  rapid  and  ' 

—  atomic  H  exchange  between  surface  and  lattice  \ 
sites  is  fast. 

The  hydrogen  recycling  phenomenon  (^)  can  then  j 

be  described  in  zero'th  order  approximation  by  very  ! 

simple  équations  [9].  \ 

During  discharges,      -  i\  ^  -  D  ôc/ôx.  In  the  ' 
first  phase  c  and  hence  l\  are  small  :  impinging  atoms 
are  absorbed  into  the  wall  wherein  they  diffuse  rapidly 
{dcjdx  is  very  large).  As  the  discharge  proceeds, 

c  and  the  recycling  coefficient  vjv^  increase  ;  most  \ 

impinging  atoms  are  released  back.  The  concentration  ; 

gradient  points  outwards,  towards  the  surface  where  c  \ 

is  maximum.  The  hydrogen  which  does  not  recombine  | 

on  the  surface  diffuses  inwards.  i 

Between  discharges,  i\  =  0  (iv  =  D  dc/ôx)-  the  | 

concentration  gradient  points  inwards  (H  diffuses  ; 

towards  the  surface)  ;  the  concentration  at  the  surface  ! 

(co  9^  0)  ensures  the  H 2  outgasing  rate.  This  explains  'j 

(§  3)  the  production  of  CH4  and  HjO  between  dis-  ■ 

charges.  ; 

After  a  number  of  discharges  in  Hj,  a  considérable  I 

amount  of  H  is  dissolved  in  the  wall.  If  a  discharge  in  | 

deuterium  follows,  the  impinging  D  either  diflfuses  \ 

into  the  bulk  or  recombines.  Since  (Cho)  7^  0  at  the  j 

surface,  both  and  HD  formed.  H  appears  into  ) 
the  plasma  at  a  rate 

IV  =  2  ak^  c'h  +  2  ak'^  Ch     ,  j 

which  is  larger  than  expected  from  the  outgasing  rate. 
Many  recycling  events  occur  during  one  discharge 
so  that  the  amount  of  H  in  the  plasma  a  t  the  end  of  the 
puise  is  large  :  in  Dite  [20],  the  ratio  H/(H  +  D)  at  the 
end  of  such  a  puise  was  %  65  %.  The  évolution  of  this  1 
isotopic  exchange  during  consécutive  discharges,  j 
including  the  effect  of  changing  the  time  between  i 

j 

C)  We  discuss  recycling  on  deoxidized  surfaces  :  only      returns  ■ 

to  the  plasma.  If  the  surface  is  oxidized,  H^O  is  also  released.  ; 

Recycling  in  tokamaks  is  derived  from  the  density  of  électrons  :  I 

(not  protons)  :  O  atoms.  source  of  numerous  elecirons,  make  the  j 

interprétation  of  recycling  in  poorly  cleaned-down  tokamaks  ' 
difficuh. 
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discharge  (readjustment  of  the  D  and  H  protUes  in 
the  solid),  is  easily  undeistood  by  this  model. 

To  explain  the  recycUng  phenomenon,  it  has  pre- 
viously  been  postulated  [1]  that  hydrogen  dij]uses 
(not  recombines)  out  of  the  lattice.  The  concentration 
gradient  points  then  inwards,  even  during  discharges, 
and  c  at  the  surface  remains  neghgible  The  mter- 
pretation  of  expérimental  results  is  then  intricate  ^ 
rapping  centers  close  to  the  surface  from  which 
hydrogen  cannot  be  thermally  released  have  to  be 
assumed,  as  must  be  an  lon-induced  detrapping 
mechanism  which  specifically  empties  hydrogen-filled 
trapping  centers. 

To  check  our  model,  and  to  measure  ck,,  the  system 
of  équations  was  first  extended  self-consistently  to 
the  case  of  the  solubilisation  of  H  starting  from  H, 
at  a  pressure  p^.  A  fourth  rate,  v,  =  2  aKp^.rnxx.X 
be  included  ;  K  is  a  second  phenomenological  rate 
constant,  related  to  K  and  to  the  solubility  constant 
K  (k  =  k  K^)  by  equilibrium  considération.  Uegas- 
ing  experiments,  permeation  experiments  both  sta- 
tionary  and  nonstationary,  using  H,  alone  or  mixtures 
of  H2  and  H«  upstreams,  have  been  carned  out.  The 
parameter  domain  was  varied  from  the  purely  dif- 
fusion-limited  régime,  via  that  where  diffusion  and 
surface  effects  play  équivalent  rôles,  t°  the  one  where 
pure  surface  effects  dominate  (see  e.g.  [4]).  feven  inde- 
pendent  methods  of  measuring  oK  resulted.  Good 
agreement  was  found  between  them. 

5  Surface  embrittlement.  —  An  internai  pres- 
surer* within  a  métal  exposed  to  atomic  H  particles 
can  be  defined  by  combining  eq.  (1)  with  the  solubility 
lawc  =  K,p"^  : 


high  enough  for  surface  cracking  and  embrittlement 
effects  to  be  feared.  Thèse  have  been  observed  in 
simulation  experiments  in  the  form  of  irregular  gas 
release  (bursts)  [17],  increase  of  the  surface  hardness 
of  probes  exposed  to  H-atoms,  altérations  of  the 
surface  topography  [20,  21].  In  addition,  the  increase 
of  c  according  to  eq.  (1  )  has  been  directly  measured  [4] 
in  our  permeation  experiment. 

Embrittlement  effects  are  expected  to  affect  the  con- 
tamination in  two  ways  :  the  sudden  loca  ised  release 
of  H,  at  high  pressure  offers  a  f^^ourab  e  condition 
for  the  occurrence  of  unipolar  arcs  [22,  23,  24J.  1  ne 
opening  of  cracks  is  moreover  probably  accompanied 
by  the  éjection  of  metallic  dust. 


p*  —  (Xi  (pi/2  ok, 


(2) 


p*  builds  up  at  internai  surfaces  (grain  boundaries, 
lattice  defects)  of  the  wall.  For  the  example  given, 
p*  ;^  3  X  10^  atm.  In  present-day  devices,p*  is  lower 
because  of  the  small  duty  cycle       1  %),  but  stiU 


n  Pushing  th,s  posiulate  adahsurdum  leads  to  PO^.tive  gradients 
and  to  a  neglfg.ble  c  value  also  when  metals  are  charged  w.th  hydro- 
gen  in  an  H  2  atmosphère. 


6  Conclusions  :  rôle  of      and  of  surface  layers.  - 

This  brief  discussion  brings  forth  the  foUowing  pomts  : 
—  A  number  of  impurity  release  mechanisms 

dépend  on  c,  the  concentration  of  H  dissolved  into 

the  surface  layers.  Of  thèse  : 
_  the  release  of  H,0,  CH,  can  be  controUed  by 

appropnate  surface  prehandling  (réduction  of  car- 

bides  and  oxides)  or  by  coatings  (réduction  of  c). 
is  important  (r.^  has  an  activation  energy  of 

^^^''surfact  embrittlement  can  be  avoided  by  raising 
the  wall  températures  ;  this  increases  k,  and  A^,  i.e. 
decreases  p*  (eq.  (2)).  Appropnate  coatings  catalysing 
the  surface  recombination  of  H,  again  play  a  bénéficiai 

Because  they  decrease  c  which  otherwise  rises  to 
high  values,  thin  coatings,  can  depress  the  tritium 
inventory  in  walls  of  devices  such  as  JET,  TFTR 
when  they  start  opération  with  DT  mixtures. 

—  In  order  to  discuss  quantitatively  the  results 
obtained  in  confinement  experiments,  more  infor- 
mation should  be  given  by  the  tokamak  physicists  on 
the  status  of  the  wall  during  the  discharge  ;  hner 
contamination  by  limiter  material  or  vice  versa, 
State  of  oxidation,  of  carburisation,  surface 
roughness.  Thèse  informations  are  of  but  moderate 
importance  as  long  as  only  points  a)-c)  of  the  mtro- 
duction  are  discussed.  They  become  crucial  when 
phenomena  associated  to  point  d)  are  envisaged. 
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Phenomena  in  ionized  gases  :  some  reflections  on  the  XlVth  ICPIG 

F.  W.  Crawford  (*) 

msUtute  for  Plasma  Research,  Stanford  Univers.ty,  Stanford,  CA  94305,  USA 

u  .fi   ^roor^m  of  the  XlVth  iCPIG,  held  in  Grenoble,  9-13  July  1979. 

program  at  this  and  previous  iCPlG  s. 


1  Introduction.  -  Although  an  authoritative 
review  of  the  450  papers  of  the  Conférence,  ind.cating 
their  scientific  ments,  practical  sigmficance,  and  hkely 
impact,  would  be  very  valuable,  1  shall  not  attenipt 
to  give  one.  Even  if  I  possessed  the  requisite  expertise 
m  ail  of  the  fields  of  the  Conférence,  I  would  hesitate 
to  do  so,  since  judgments  about  scientific  Quality  and 
prédictions  of  the  future  are  notonously  difficult 

^°ThÏfurther  élément  of  personal  danger  in  singling 
eut  names  for  spécial  mention  is  not  to  be  disregarded 
Ikhtly  Louis  XlVth  remarked  bitterly  that  every 
time  he  chose  someone  he  made  cent  mécontents  et 
un  ingrat  (one  hundred  people  discontented  and  one 
ungrateful),  so  I  shall  steer  the  safer  course  m  this 
review  of  mentioning  only  one  speaker  by  name. 

Instead  of  an  Olympian  review,  I  shall  examine 
first  the  areas  of  concentration  of  the  roughly  425 
contributed  papers.  This  is  not  to  confuse  quantity 
with  quality,  but  rather  to  establish  the  scientific 
topics  of  interest  to  the  nearly  450  participants  and  to 
provide  food  for  thought  as  the  Internationa  Scien- 
tific Committee  (ISC)  begins  in  eamest  its  planning 
for  the  XVth  ICPIG.  Second,  1  shall  discuss  the  format 
of  the  scientific  program,  and  some  alternatives  to  it 
that  have  been  used  at  past  iCPIG's.  My  aim  is  to 
stimulate  thought  on  the  matter,  and  suggestions 
to  the  ISC. 

2  Contributed  papers.  -  Contributions  were 
invited  in  fifteen  catégories.  Counting  20  papers/star 
a  Guide  Michelin  to  those  papers  accepted  would 
give  : 

_  Waves  (65  contributions). 

—  High  pressure  discharges  (64). 

—  Elementary  processes  in  gas  discharges  (60). 
_  Low  pressure  discharges  (54). 

—  Diagnostic  methods  (45). 


K         Interaction  of  laser  beams' 

—  Surface  phenomena  (21). 


/ith  plasmas  (22). 


(♦)  Chairman,  ICPIG  International  Scientific  Committee,  1979- 


Lest  too  much  sigmficance  be  attached  to  this  list, 
we  note  that  the  numbers  are  approximate  to  the 
extent  that  a  few  authors  may  not  have  been  présent, 
or  may  have  withdrawn  their  papers,  and  that  the 
classification  is  somewhat  arbitrary  :  some  papers 
could  be  appropriately  classified  in  more  than  one 
category.  Further,  as  we  shall  see  later,  some  other 
catégories  are  close  to  those  mentioned  above,  e^g. 
Discharges  for  Lasers.  Nevertheless,  we  may  conclude 
that  three-quarters  or  more  of  the  contributed  papers 
belong  to  the  seven  catégories  listed. 

We  now  examine  the  fifteen  catégories  m  greater 
détail  indicating  subdivisions  originally  listed  by  the 
ISC  and  some  additional  subdivisions  (in  parenthèses) 
suggested  by  the  contributions  actually  received. 

2  1  Elementary  processes  in  gas  discharges  (60) 

a)  Excitation  and  ionization. 

h)  Recombination,  attachment  and  detachment. 

c)  lon-molecule  and  chemical  reactions. 

d)  [Velocity  distributions,  swarms,  avalanches.] 
About  50  papers  were  divided  roughly  equally 

among  catégories  \a)-c).  The  remainder  concentrated 
on  the  topics  of  category  \d)  :  self-consistent  calcu- 
lations  of  velocity  distributions  in  glows,  afterglows 
and  hollow-cathode  discharges;  swarms,  and  ava- 
lanches. 

2.2  Low  pressure  dischargf^  (54) 

a)  Positive  columns. 

h)  Ionization  waves  and  instabilities. 

c)  Négative  glow,  hoUow  cathode  discharges. 

d)  Radio  frequency  discharges. 

e)  Townsend  discharge,  breakdown  and  puise 
discharges. 

/)  [Isotope  séparation.] 
g)  [Sheaths.] 

Many  of  the  papers  from  this  category  could  arguab- 
ly  have  been  placed  in  category  1  or  category  10 
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(Waves).  Most  of  the  papers  fell  within  catégories 
2a)-e),  with  no  strong  thèmes  emerging,  but  spécial 
mention  might  be  made  of  several  contributions 
outside  thèse  subdivisions  motivated  by  isotope 
séparation,  and  several  more  devoted  to  sheaths  and 
double-layers. 

2  .  3  HiGH  PRESSURE  DISCHARGES  (64) 

a)  Sparks,  breakdown,  corona  discharge. 
h)  Properties  of  arc  plasma  ;  arc  dynamics. 

c)  Plasma  flows. 

d)  Chemical  reactors. 

This  category  is  very  broad,  including  not  only 
widely-differing  established  discharges  (corona  and 
arcs),  but  also  the  transient  breakdown  phase,  and 
plasma  chemistry.  The  principal  thrusts  among  the 
contributed  papers  were  in  the  directions  of  decaying 
arcs,  breakdown  and  corona,  and  arcs  in  transverse 
and  axial  flows.  Thèse  studies  have  particular  appli- 
cations to  high-voltage  devices  and  circuit-breakers. 

2 . 4  Discharges  for  lasers  (17) 

a)  [Discharge  characteristics.] 

b)  [Basic  processes.] 

c)  [Waves  and  instabilities.] 

The  contributions  in  this  category  were  approxi- 
mately  evenly  divided  among  catégories  4a)-c),  and 
separable  from  catégories  1,  2,  and  10  primarily  by 
their  motivation,  i.e.  the  various  radiation  processes 
and  discharge  instabilities  likely  to  affect  laser  per- 
formance were  of  particular  interest. 

2.5  Discharge  and  breakdown  in  vacuum  (8) 

a)  [Surface  phenomena.] 

b)  [Effects  of  magnetic  field.] 
Two  topics  that  have  figured  prominently  in  this 

small  category  are  surface  phenomena  afîecting 
breakdown,  and  the  efîects  of  magnetic  fields  in 
switching  or  extinguishing  vacuum  arcs. 

2 . 6  Long  sparks  and  lightning  (6) 
No  spécial  thème  émerges  from  this  small  category, 

whi.ch  might  well  be  combined  in  future  with  caté- 
gories 3a)  and  5  to  form  a  single  category  on  spark 
breakdown  and  lightning. 

2.7  Surface  phenomena  (21) 

a)  Electrode  phenomena. 

b)  Surface  treatment  using  plasma  (déposition, 
etching,  oxidation,  etc.). 

This  substantial  category  could  arguably  be  aug- 
mented  with  a  number  of  contributions  dispersed 
through  others.  Those  papers  actually  included  empha- 
sized  category  7a),  and  included  several  papers  on  arc 
spots  and  cold  cathodes;  still  an  interesting  area, 
even  after  several  hundred  publications. 


2.8  MiSCELLANEOUS  discharge  DEVICES  (16) 

a)  [Spécial  types  of  discharges.] 
h)  [Discharges  for  ion  or  neutral  production.] 
c)  [Rotating  plasmas.] 

This  rather  desperate  category  is  intended  as  a 
catch-all  for  contributions  on  devices  not  fitting 
readily  into  any  other  category.  In  fact,  several  papers 
could  have  been  placed  elsewhere  in  the  program, 
but  a  residuum  remained  of  papers  on  unusual 
discharges,  some  serving  spécial  purposes  such  as  ion 
or  neutral  production,  and  a  few  on  phenomena 
associated  with  rotating  plasmas. 

2.9  General  PLASMA  THEORY  (15) 
a)  Transfer  phenomena. 
h)  Numerical  methods. 

c)  [Kinetic  équations.] 

d)  [Distribution  functions  and  drifts.] 
No  contributions  were  received  in  category  9b), 

though  papers  involving  sophisticated  numerical 
methods  are  to  be  found  elsewhere,  for  example  in 
category  15  (Diagnostic  Methods).  If  we  consider 
category  9a)  to  refer  primarily  to  macroscopic  phe- 
nomena, then  other  concentrations  among  the  papers 
contributed  were  on  kinetic  équations,  and  the 
velocity  distribution  functions  and  drifts  predicted 
for  various  spécial  discharges. 

2.10  Waves  (65) 

a)  Wave  propagation. 

b)  Wave-particle  and  wave-wave  interactions. 

c)  Instabilities. 

d)  Strong  turbulence. 

e)  [Solitons.] 

Although  the  contributions  to  this  large  category 
defy  neat  classification,  certain  trends  are  évident. 
M  any  intriguing  problems  in  linear  wave  excitation, 
instabilities  and  propagation,  particularly  in  bounded 
plasmas,  still  command  attention,  but  the  emphasis 
has  moved  towards  nonlinear  parametric  and  modu- 
lational  instabilities  and  turbulence.  Solitons,  which 
in  ail  fields  now  generate  about  1  000  publications  a 
year,  have  gained  considérable  significance  in  plasma 
physics,  a  fact  which  was  reflected  by  several  interesting 
papers,  including  expérimental  observations. 

2.11  Non-ideal  plasma  (12) 

a)  Theory. 

b)  Experiment. 

Although  a  cynic  might  be  tempted  to  place  ail  of  the 
contributed  papers  in  this  category,  it  was  intended 
for  plasmas  sufficiently  dense  for  quantum  effects 
to  become  significant.  Growth  of  interest  in  this  area 
is  evidenced  by  the  number  of  contributions  received, 
several  of  which  described  expérimental  observations. 
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2.12  ASTROPHYSICAL  PLASMAS  (12) 

a)  [Basic  processes,  radiation.] 
/))  [Waves  and  instabilities.] 

This  category  represents  another  growth  area  for 
the  Conférence.  No  strong  thème  émerges;  contri- 
butions covered  basic  processes  involvmg  exci  atjon 
and  radiation,  the  slowing  down  of  charged  particles, 
wave  instabilities  and  shocks. 

2.13  Interaction  of  laser  beams  with  plas- 
mas (22) 

a)  Laser-induced  plasmas  (optical  discharges). 
h)  [Plasma  target.] 
(■)  [Electrode  target.] 
d)  [Pellet  target.] 

The  gênerai  category  1 3.)  might  be  taken  to  inclure 
tot)ics  from  gas  breakdown  by  lasers  to  interaction 
wTan  form  of  plasma  or  soUd  target.  In  fact,  most 
orne  contributions  may  be  classified  best  catégories 
myd),  and  in  many  cases  are  motivated  by  laser 
fusion. 

2.14  Interaction  of  p article  beams  with  plas- 
mas (7) 

a)  [Inertial  confinement.] 

b)  [Beam-plasma  interaction.] 

c)  [Undulator.] 

Similarly,  interests  in  beam-induced  fusion  with 
inertial  confinement  motivated  papers  in  category 
ZI  Those  m  category  W  might  well  have  been 
placed  in  category  10c).  The  paper  on  high  frequency 
génération  by  a  relativistic  électron  beam  traversing 
a  sinuous  waveguide  (undulator)  descnbes  a  phe- 
nomena  of  great  interest,  but  which  is  not  strictly  a 
beam-plasma  interaction. 


standards.  The  most  notable  growth,  however,  was 
shown  by  optical  techniques  involving  laser  scattenng, 
mterferometry  and  holography.  In  contrast  to  many 
spectroscopic  techniques,  the  discharge  is  actively 
nrobed  with  a  controllable  source. 

A  similar  comment  applies  to  the  several  microwave 
diagnostic  techniques  reported.  A  further  advantage 
of  both  over  invasive  techniques  such  as  probes  is 
that  they  permit  measurements  to  be  made  from 
outside  the  discharge. 


2.15  Diagnostic  methods  (45) 
a)  Probes. 
h)  Spectroscopy. 

c)  Miscellaneous. 

d)  [Laser  scattering,  interferometry   and  holo- 
graphy.] 

e)  [Microwaves.] 

This  category,  which  could  undoubtedly  be  aug- 
mented  with  papers  dispersed  through  many  others, 
is  always  one  of  the  most  significant  areas  ot  the 
Conférence.  A  natural  séquence  of  events  in  the  deve- 
lopment  of  science  is  first  to  observe  basic  physical 
phenomena  accurately,  then  to  model  and  descnbe 
them  preciseiy,  and  finally  to  use  them  in  the  form  ol 
diagnostic  techniques.  In  that  sensé,  the  category  of 
Diagnostic  Methods  illustrâtes  a  number  of  pheno- 
mena for  which  the  quality  of  scientific  description  is 

^'probes  now  provide  only  a  small  number  of  contri- 
butions. A  more  significant  number  concerned  vanous 
aspects  of  spectroscopy,  including  light  sources  and 


3  Format  of  the  scientific  program.  —  As  the 

Conférence  has  evolved  from  its  small  beginnings  m 
Oxford  26  years  ago,  a  persistent  problem  for  the  IbC 
has  been  the  choice  of  format  for  the  scientific  pro- 
gram. Many  of  us  believe  that  the  best  conférences 
for  developing  personal  contacts  and  exchang  ng 
information  are  those  at  which  some  75-100  parti- 
cipants meet  for  a  few  days,  preferably  m  a  remote 
place,  give  few  papers,  and  spend  most  of  the  time  in 

''LaS"r"conferences,  such  as  the  ICPIG,  make  it 
harder  for  groups  of  participants  with  close  mu  tuai 
Lerests  to  mamtain  contact  and  foUow  a  scientific 
thread  through  parallel  sessions,  but  can  offer  a  much 
wider  perspective  on  the  field  and  the  opportumty 
for  more  numerous  personal  contacts. 

The  ISC  attempts  to  construct  an  optimal  program, 
combining  the  virtues  of  large  and  small  conférences, 
using  the  foUowing  éléments  : 

—  General  Invited  Lectures. 

—  Topical  Invited  Lectures. 

—  Contributed  Papers. 
Oral  Sessions. 

Poster  Sessions. 

—  Rapporteur  Sessions. 

—  Discussion  Sessions. 

—  Post-deadline  Papers. 

The  respective  merits  and  defects  of  thèse  eleinerits, 
and  the  ways  in  which  the  ISC  has  chosen  to  deploy 
them  in  récent  iCPIG's,  are  worth  examming. 

General  invited  lectures.  -  Thèse  are  ^ntended  to  be 
authontative  general-interest  reviews  of  broad  fields, 
some  not  otherwise  emphasized  at  the  Conférence, 
.  and  are  given  in  plenary  sessions.  It  is  consequently 
necessary  to  find  distinguished  scientists  willing  and 
able  to  prépare  such  reviews  in  written  form,  as  well 
as  for  oral  présentation.  They  must  discuss  work 
beyond  that  carried  out  in  their  own  groups,  and  since 
simultaneous  translation  facilities  are  not  usual  y 
available  must  generally  be  prepared  to  do  so  in 

^  Choosing  such  scientists  is  a  difficult  commission^ 
About  ten  has  been  the  récent  aim,  and  without 
wishing  to  seem  self-congratulatory,  it  can  be  said 
that  the  ISC  has  assembled  a  wide-ranging  and 
impressive  list  at  Grenoble,  headed  by  Prof.  Alfven, 
primus  inter  pares,  at  the  Opening  Session  : 
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Thème  I  {=  Laboratory  and  Natural  Plasmas). 
Plasmas    in    the   Laboratory   and   in  Space 
(H.  Alfvén). 

lon-M olecule  Interactions  in  the  Laboratory  and  in 
Planetary  Atmosphères  (H.S.W.  Massey). 
Thème  2  (=  Natural  Plasmas). 
Lightning  (K.  Berger). 

The  Solar  Flare  Phenomenon  (J.  Heyvaerts). 
Thème  3      Laboratory  Plasmas). 
Contact  Electrode  Processes  and  Microplasma 

Diagnostics  (F.  L.  Jones). 
Strong  Turbulence  and  its  Computer  Simulation 

(V.  E.  Zacharov  and  Y.  S.  Sigov). 
Particle  Beam  Interactions  with  Plasmas  and  their 

Application  to  Inertial  Fusion  (M.  J.  Clauser). 
Progress    in    Toroidal   Magnetic  Confinement 

(G.  Grieger). 
Progress  on  Laser  Fusion  ai  Lawrence  Livermore 

Laboratory  (H.  G.  Ahlstrom). 

Topical  invited  lectures.  —  Thèse  satisfy  criteria  of 
quality  and  style  similar  to  those  for  General  Invited 
Lectures,  but  are  intended  to  be  more  specialized, 
and  hence  less  appropriate  for  présentation  in  plenary 
sessions.  They  are  consequently  scheduled  in  compé- 
tition with  contributed  papers,  but  not  with  each 
other.  Twelve  such  lectures  were  invited  by  the  ISC 
for  the  Grenoble  Conférence. 

Contributed  papers.  —  The  greatest  pressure  on  the 
ISC  dérives  from  the  large  number  of  contributed 
papers.  In  the  past,  half  a  dozen  parallel  sessions  have 
been  necessary  to  accommodate  them  ail  as  oral 
présentations,  or  rapporteur  sessions  (see  below) 
have  been  organized  to  review  them  in  groups.  There 
have  been  suggestions  that  the  scope  of  the  Conférence 
should  be  restricted,  but  this  militâtes  against  the 
aim  of  ofîering  to  participants  a  broad  perspective  on 
phenomena  in  ionized  gases. 

Rather  than  explicitly  excluding  certain  areas, 
the  ISC  has  chosen  to  solicit  papers  according  to  a  list 
of  topics  which  evolves  following  the  interests  shown 
by  participants  at  previous  conférences,  and  currently 
includes  the  15  catégories  discussed  in  §  2.  The  resuit 
is  that  topics  such  as  thermonuclear  fusion,  MHD 
energy  conversion,  ionospheric  physics  and  astro- 
physics,  which  are  catered  for  by  a  variety  of  other 
conférences,  figure  less  prominently  among  the  contri- 
butions and  are  typically  covered  by  invited  lectures. 

At  the  East  Berlin  and  Grenoble  conférences,  the 
ISC  agreed  to  limit  the  oral  présentation  of  contributed 
papers  to  two  parallel  sessions,  so  effectively  limiting 
the  numbers  of  oral  présentations  to  about  75.  This 
method  of  avoiding  the  conflicts  of  multiple  parallel 
sessions  has  been  made  feasible  by  the  organization 
of  poster  sessions  running  parallel  to  the  oral  sessions. 

In  récent  years,  poster  sessions  have  become  popular 
at  many  national  and  international  conférences. 


At  tirst,  some  authors  were  apprehensive  that  pré- 
sentations by  poster  constituted  a  second-class  mode 
of  communication.  It  rapidly  became  clear  that  this 
is  not  the  case  :  they  help  to  identify  people  interested 
m  your  work  and  egender  personal  contacts  with 
them,  they  are  a  boon  to  inexperienced  speakers, 
or  in  situations  where  there  are  language  difficulties,' 
and  they  are  superior  to  brief  oral  présentations  when 
large  quantities  of  data  or  numerous  équations  are  to 
be  displayed. 

As  an  example,  we  may  take  the  Annual  Meetings 
of  the  Plasma  Physics  Division  of  the  American 
Physical  Society.  Opinion  has  swung  in  the  last  three 
years  to  the  position  where  the  majority  of  authors 
now  opt  for  poster  présentation  of  their  work.  At 
Grenoble,  the  ISC  had  to  select  about  75  out  of 
425  contributed  papers,  using  as  criteria  the  nature  and 
scientific  interest  of  the  material,  and  the  desirability 
of  presenting  a  wide  range  of  topics.  It  is  possible  that 
this  process  would  have  been  unnecessary  had  authors 
been  asked  to  state  their  préférences  at  the  time  of 
submission. 

Before  leaving  the  topic  of  Contributed  Papers, 
a  heavy  debt  of  gratitude  should  be  acknowledged  to 
the  Local  Organizing  Committee,  and  to  their  small 
army  of  helpers  who  reviewed  the  contributed  papers. 
The  séparation  into  cohérent  sessions  for  oral  and 
poster  présentations  and  their  timing  on  the  scientific 
program  to  avoid  conflicts  are  further  onerous  tasks 
whose  outcome  is  never  perfect.  The  ISC  exercises 
final  judgment  and  responsibility  in  such  matters, 
and  in  the  rejection  of  papers  that  are  irrelevant  to  the 
Conférence,  of  dubious  scientific  quality,  or  of 
impénétrable  obscurity,  but  relies  on  the  Local 
Organizing  Committee  for  the  initial  groundwork, 
and  ultimate  detailed  exécution  of  its  wishes. 

Rapporteur  sessions.  —  For  some  previous  ICPIG's, 
rapporteurs  were  selected  in  advance  to  comment  on 
groups  of  papers.  This  procédure  saves  time,  and 
ideally  présents  a  séries  of  integrated,  critical  reviews  of 
the  contributed  material.  In  practice,  its  aims  and 
advantages  are  difficult  to  realize.  First,  the  material 
for  a  rapporteur  session  must  be  sufficiently  concen- 
trated  about  a  thème  to  lend  itself  to  cohérent  review. 
Second,  it  is  difficult  to  find  people  willing  to  put  in  the 
considérable  time  and  préparation  needed  for  success- 
ful  rapporteur  sessions.  Third,  it  is  sometimes  difficult 
to  supply  them  with  the  contributed  papers  sufficiently 
far  in  advance  of  the  Conférence  for  such  préparation 
to  be  feasible.  For  thèse  reasons,  the  ISC  has  aban- 
doned  rapporteur  sessions  for  the  présent  in  favor  of 
poster  présentations. 

Discussion  sessions.  —  At  previous  ICPIG's  (though 
not  at  Grenoble),  discussion  sessions  on  spécial  topics, 
organized  during  the  Conférence  by  interested  groups, 
have  constituted  a  prominent  feature  of  the  scientific 
program.  The  ISC  will  continue  to  provide  facilities 
for  such  meetings  since  they  represent  a  valuable 
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means  of  exchanging  récent  information,  and  specu- 
lating  informally  on  emerging  topics. 

Post-deadline  papers.  -  With  a  s.milar  aim  in 
mind  the  ISC  has  provided  facilities  at  Grenoble  for 
poster  présentation  of  very  récent,  or  highly  spécula- 
tive, results.  They  are  presented  at  the  discrétion  of 
their  authors,  and  of  course  do  not  appear  in  the 
Conférence  Proceedings. 

4.  Future  conférences.  -  If  any  J^f  ^fi^^jj?" 
required  for  the  continued  existence  of  the  ICPIO 
U  is  provided  by  the  large  numbers  Participants  and 
présentations  at  Grenoble  :  about  450  of  each.  If  the 
Conférence  ceased  to  exist,  it  would  certainly  be  missed 
by  the  substantial  core  of  participants  who  foUow 
it  regularly,  and  would  probably  be  rapidly  reinsti- 
tuted  in  a  comparable  form. 

It  is  the  responsibility  of  the  ISC  to  mamtain  the 
vitality  of  the  Conférence,  and  to  be  contmually 
open  to  suggestions  for  improvement  ^n  >ts  form  and 
detailed  organization.  Work  on  the  XVth  ICPIG 
m  Minsk,  in  July  1981,  has  already  begun,  so  your 
comments  and  suggestions  are  eamestly  solicited. 
Please  write  to  me  or  any  other  ISC  member  concern- 
irxg  the  scientific  program,  or  to  Prof.  Tsytovich 


concerning  matters  in  the  province  of  the  Local 
Organizing  Committee. 

We  know  that  there  is  no  persistent  idéal  format  tor 
a  conférence  such  as  the  ICPIG,  and  that  in  practice 
its  success  dépends  on  the  constraints  and  happy 
accidents  of  time,  place,  organizers,  scientific  contri- 
butions, and  participation.  To  that  extent,  We  live 
not  as  we  wish  to,  but  as  we  may,  as  Menander  remark- 
ed,  and  even  the  most  heroic  efforts  of  the  ISC  cannot 
en'sure  universal  satisfaction. 

On  the  other  hand,  the  ISC  has  a  very  deep  concern 
for  the  welfare  of  the  Conférence,  and  a  wealth  of 
expérience  of  it  (to  say  nothing  of  extraordmary 
modesty  !).  For  example,  although  none  of  us  can 
match  the  record  of  the  outgoing  chairman,  Prot. 
Maecker,  of  having  attended  ail  fourteen  ICPIG  s 
three  of  us  have  participated  in  ten,  and  ail  past 
iCPIG's  have  been  attended  by  at  least  one  member 
of  the  new  ISC.  Their  expériences  include  memories 
of  promising  improvements  in  the  Conférence  that 
have  not  succeeded,  and  risky  experiments  that  have 
worked  very  well.  If  some  of  your  suggestions  for 
improvements  are  not  adopted,  it  may  be  because  of 
such  expériences  ;  you  can  be  sure  at  least  that  they 
have  not  been  ignored. 
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